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ABSTRACT

The glaciers and snow-covered areas has been highly influential in the hydrology of the
glacierized basin. Long-term water management will become more difficult as a result of
climate change, which is anticipated to alter water availability. Here we have set up
Glacio-hydrological Degree day Model Version 2 (GDM V.2) as a hydrological model to
simulate the discharge in Tamakoshi River basin (TRB) and quantified various runoff
components. The model is first calibrated and validated for the period of 2004-2009 and
2011-2020, respectively where Nash-Sutcliffe Efficiency (NSE) is 0.77 and 0.80 for
calibration and validation periods. The monsoonal rain was anticipated to influence stream
flow changes the most (46.86%), followed by base flow (37.57%), snowmelt (12.17%),
and ice melt (3.18%) form the year 2004-2009 and rain (46.33%), followed by base flow
(38.79%), icemelt (3.27%), and snowmelt (10.77%) from 2011-2020 according to the
model. Forecasts indicate a rise in discharge under SSP58.5, notably reaching 3.68 m?¥/s
according to EC-Earth3, in stark contrast to the declines projected under SSP24.5, such as
the decrease to 0.09 m3/s under Nor ESM2-MM, between SSP24.5 and SSP58.5,
constituent contributions exhibit significant variations, shedding light on potential shifts
in resource availability. During the low-flow phase from May to June, substantial icemelt
and snowmelt contribute to stream runoff. Yet, increasing temperatures could diminish
snowfall and glacier coverage, potentially impacting future river discharge adversely. The
fluctuating peak values underscore the significant impact of varying components over
different time frames, a phenomenon primarily attributed to climate change. In SSP24.5,
base flow ranges from 31.78% to 32.07%, ice-melt from 8.85% to 11.83%, rainfall from
46.71% to 53.65%, and snowmelt from 5.4% to 6.8%. In SSP58.5, ice-melt sees an
increase to 12.58% to 19.06%, snow melt fluctuates between 5.2% and 6.54%, while
rainfall and base flow remain relatively stable. The Glacio-hydrological Degree-day
Model (GDM) emerges as valuable tool for comprehending hydrological dynamics and
evaluating potential climate change impacts on Himalayan river basins. The insights from
this study are anticipated to raise awareness about the effects of climate change on future
water flow.

Keywords: Climate change, Degree day factor, Hydrological modelling, Glacio
hydrological Degree-day model, Tamakoshi River Basin
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CHAPTER ONE: INTRODUCTION
1.1 Background

Majority of experts believe that people are solely to blame in an era of accelerating global
climate change. The Fourth Assessment According to the Intergovernmental Panel on
Climate Change (IPCC, 2007), during the twenty-first century, there is growing conviction
that some extremes will become more habituated, broad and intense. An impact on snow
and glacier areas can be seen due to rise in temperature and climate change resulting in
future water supply downstream. A substantial impact on human and biological systems
are expected due to Changes in normal climatic circumstances, as well as catastrophic
events (MOONEY, 2005). Nepal well known as south Asian water tower, however there
is uncertainty to regional hydrology and difficulties in water resource management all
because of climate change (Devkota & Gyawali, 2015). Water resources are particularly
vulnerable to climate change variables such as precipitation and temperature. Climate
change is likely to alter water supply through affecting hydrological variables such as
precipitation and temperature, which affect the hydrological cycle (Mengistu et al., 2021).
Storing around 75% of the world’s freshwater, Glaciers are a crucial component of the
climate system. Because to their proximity to human populations, alpine glaciers are
indispensable in terms of utilizable water (Singh et al., 2006). Snow as well as glacier melt
areas contribute notably to stream flow in snow and glacier-fed river basin systems
(Khadka et al., 2014). Changing climate hold hydrological processes that alter river flow
regimes and freshwater availability in catchment-scale hydrology in the Himalayan River
basin (Adhikari et al., 2022). Area and glacier volume appear to be directly proportional
to season intensity and inter annual variation in runoff (Juen et al., 2007). Glacier melt is
expected to increase until 2050, then decrease in the sub-basins (Immerzeel et al., 2013).
Regionally, discharge is forecasted to increase until 2050, then vice-versa (Lutz Arthur et
al., 2016). While around 53 million people live within the 2400 km of the Himalayas,
above one billion people living downstream depend on HMA water for food and energy
production (Apollo, 2017). Previously in order to explore the potential impact of climate
change on water supplies, various methodologies and models have been pre-owned. The
effects of climate change on a river basin's hydrology as well as water resources should
be simulated using well-calibrated and validated models, as well as different climate
scenarios, to present a credible and robust estimate of uncertainty (Li et al., 2016). As a

consequence, the employment of multifarious climate and hydrological models is required
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to assess the response of hydrology to changing climate in a systematic manner, eventually
estimating the future state of these water resources. Conducted a systematic review of
hydrological responses to climate change and discovered that higher uncertainty was

caused by hydrological models in comparison to climate models.

The most recent climate scenario is Shared Socioeconomic Pathways (SSP) as per 6th
IPCC assessment report. It has a diverse set of policy options for mitigating and adapting
to climate change. As a result, SSP refers to a collection of socioeconomic challenges that
must be addressed in order to mitigate and adapt. As a result, SSPs are the result of a social
trend of making mitigation or adaptation decisions without considering climate change
(Daigneault et al., 2018). Projections from General Circulation Models (GCMs) are crucial
in understanding upcoming climate changes. Nonetheless, the spatial resolution at which
GCMs are conducted is frequently too coarse to obtain meaningful projections at the
regional and local scales. For climate impact assessments, higher spatial resolution
precipitation and temperature estimates are essential. Moreover, precipitation and
temperature from GCMs have a biasness due to their coarse resolution or model
parameterizations. A hydrological model is a simplified depiction of the Earth's water
processes. Using hydrological models such as, HEC-HMS, SPHY Model, HBV Model,
and, GDM, SWAT water availability and future consequences on stream flow regimes are
also investigated. In conclusion, for modelling the complex interplay between glaciers,
climate and hydrology, hydrological models provide a solid foundation. Predicting stream
flow patterns under various climatic scenarios provides useful insights into the possible
implications of climate change on water supply, assisting policymakers and stakeholders
in developing adaptation solutions (Shea et al., 2015). Accuracy and dependability can be
improved after the inclusion of remote sensing data, ground observations and
meteorological inputs into these models, allowing for a thorough examination of glacier
melt processes and their downstream implications. Nonetheless, it's critical to
acknowledge the uncertainties that come with glacio-hydrological modeling, especially
when estimating future stream flows under changing climate circumstances. It is critical
to address these uncertainties by ongoing refining of model parameters, to maintain the
trustworthiness of model outcomes, incorporation of advanced climate forecasts, and
validation against observed data. Furthermore, the socioeconomic aspects of water

resource management must not be disregarded, as changes in stream flow patterns can



have far-reaching consequences for agriculture, energy production, ecosystems, and

livelihood (IPCC), 2019).

To address these challenges, the Glacio-hydrological Degree-day Model (GDM), Version
2.0, has been developed as a gridded and distributed Glacio hydrological model (Kayastha
et al., 2020). This model can simulate different runoff components contributing to total
discharge, including snowmelt, glacier ice melt, rainfall, and base flow, on a daily basis.
GDM is particularly effective in Himalayan catchments characterized by data scarcity due
to challenging terrain and limited weather stations. It can operate with minimal data and a

limited number of model parameters (Khadka et al., 2020).

1.2 Statement of Problem

In glacierized basin hydrology, Glaciers and snow-covered areas, a vital role is played. In
coming day’s snow cover and water availability is projected to alter creating difficulties
in long-term water management climate change (Khadka et al., 2014). Modelling enrich

to generate the future scenarios assisting in offing adaptation and mitigations.

Approximately by 25% Nepal’s total glacier area has recede during the last three decades
(ICIMOD, 2014). Not only that, precipitation that contributes to snowfall will diminish,
causing river flow to increase even further. A high impact can be found on rivers in
mountainous catchment due to climate change. It is critical to estimate and foresee snow
runoff and ice runoff as snow melt process is sophisticated, complex, and temperature
dependent. The latest climate projection of the CMIP6 model was presented in Climate
Change Assessment Report 6, which gives better projection and higher sensitivity than the
previous one. In this River Basin, no studies on SSP scenarios have been conducted to

understand impact of climate change on recent scenarios applying this GDM model.

Frequently Glacierized areas suffer from an insufficient data on multifarious hydro-
meteorological factors such as temperature, precipitation, and glacier mass balance. The
quality and quantity of accessible data have a significant impact on the accuracy and
dependability of model findings. For proper glacier modeling one must understands the
complicated dynamics of ice movement, melting, calving, and buildup. Elements such as
temperature, topography, and glacier geometry are impacted by these process, creating
hurdles in model representation. The combination between glacier melt and downstream

water supply can have serious socioeconomic consequences. It is important to incorporate



socioeconomic aspects into the model and examine the potential repercussions of changing

glacier dynamics on local people.

To date on the timing and evolution of glaciers, as well as the associated changes in runoff
minimum studies have been carried out. Some studies have been conducted referring A
comprehensive study of the response of glacierized basins to climate change in the
Himalayas, owing to inaccessible terrain, a lack of observed climatic data, and the fact that

glacier response is not systematic across the Himalayas (Khadka et al., 2020).

1.3 Objectives
1.3.1 General Objective

e The primary objective of this research is to apply a Glacio-hydrological Degree-day
Model (GDM) to simulate stream flow in the Tamakoshi basin.

1.3.2  Specific Objective

e To setup the GDM in the Tamakoshi River Basin and analyze the hydrological regime
of the river.
e Evaluating the model's performance in simulating stream flow under various climatic

and glacier change scenarios.

1.4 Scope of work

The primary thrust of this investigation lies in unearthing, assessing, and consolidating the
reservoir of insights embedded in prior research articles concerning climate change in
Nepal. Within this expansive domain, the investigative lens zeroes in on the intricate realm
of water resources, with a particular emphasis on the Tamakoshi Basin. This study's core
endeavor revolves around dissecting the intricate web of climate change's ripple effects on
the hydrology of the Tamakoshi basin. This analytical journey draws its sustenance from
an exhaustive evaluation of hydro-meteorological and spatial data culled from the

upstream catchments that encompass the Tamakoshi basin's watershed.

A key juncture of the study entails the deliberate selection of an apt modeling framework
for the watershed, and herein, the GDM takes center stage. This choice is rooted in an all-
encompassing appraisal, encompassing a spectrum of Climate projection General
Circulation Models (GCMs). Furthermore, the research meticulously singles out the most

pertinent projections within the CMIP6-GCMs suite, precisely tailored to align with the
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geographic scope of the study, thereby setting the stage for insightful glimpses into the
future. Armed with this chosen model, the research aspiration extends to refining the

precision of assessing and forecasting hydrological responses.

This intricate endeavor encompasses the simulation of hydrological trajectories within the
confines of two distinct scenarios, borne from CMIP6-GCMs climate projections. By
seamlessly weaving forthcoming climatic data from CMIP6 into the framework of the

GDM model, this study endeavors to unveil the latent repercussions that lay ahead.

1.5 Limitation of the study

Various characteristics, parameters and coefficients for specific basins are important in
this investigation, which may not be feasible so a standard value may be used. Since,
majority of the glacier is located in Tibet, the required meteorological and hydrological
observation data set may not be accessible and must be projected using Nepali reference
station data. Insufficient data in the Tamakoshi river basin is the most significant
restriction of our investigation. Long-term hydro-meteorological data from a wide number
of sites would have contributed to a more trustworthy conclusion. Station spatial
distribution was likewise inadequate throughout the chosen area. The absence of recent
years of data series may limit the ability to incorporate recent changes brought about by

climate change in hydrology.

The research heavily relies on a land use and cover map for modeling glacier ice melt in a
basin. The absence of projected changes in land use and cover is a significant limitation,
impacting the accuracy of future glacier ice melt assessments. The study lacks validation
for individual discharge components (rain, snowmelt, icemelt, baseflow) and an Isotope
test is proposed to scrutinize whether simulated contributions align with observed data.
Besides this the dependency on the accuracy and quality of the GCM data used for future

projection may also limit the result of this study.



CHAPTER: TWO LITERATURE REVIEW

2.1 Climate change

Primarily driven by industrialization's march forward, the concentration of greenhouse
gases and CO» within the Earth's atmosphere has witnessed a momentous surge since 1950.
The undeniable impact of human activities on the Earth's climate system is evident in
various ways, including rising temperatures, changes in precipitation patterns, more
frequent and severe extreme weather events, and the rapid melting of snow and glaciers in
recent decades (D. Khadka & Pathak, 2016). In response to these challenges, there has
been a concerted global effort to reduce carbon emissions, with the goal of limiting the
increase in global temperatures to less than 1.5°C by the end of the century (Lima & Gupta,
2013). This movement has led to a significant increase in research focused on regional-
scale climate projections and a growing interest in understanding how these changes will

impact water resources and hydropower.

As a result, there has been a noticeable surge in research and exploration in these areas.
Scientists and researchers are actively studying how climate change will affect the
availability and distribution of water resources, as well as the feasibility and sustainability
of hydropower projects in a changing climate. This increased attention reflects the urgency
of addressing climate change and its potential impacts on essential aspects of our

environment and energy systems.

The anticipated consequences of climate change on the environment encompass a range
of significant impacts, including rising temperatures, increased instances of flooding,
diminished water resources, health risks, and a decline in biodiversity (NASA). The
average global temperature has increased by approximately 0.8 degrees Celsius since
1880, with a substantial portion of this rise occurring after 1975 at a rate of 0.15-0.2
degrees Celsius per decade. Notably, the three-decade period from 1983 to 2012 is
recognized as the warmest in the last 1400 years (Knutti et al., 2013).

In-depth analysis of long-term climate changes in the Mediterranean region and southern
Europe has underscored a notable increase in heat waves and the consequences of droughts
in recent years (Carnicer et al., 2011). As the climate continues to warm, the likelihood of
flooding becomes more pronounced. While a limited number of global studies have begun
to scrutinize changes in flood occurrence, none have comprehensively addressed this issue

within the context of a hotter climatic system (Hirabayashi et al., 2013). These findings
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highlight the urgency of understanding and mitigating the environmental and societal

impacts of climate change.

2.2 Climate change in Nepal

Nepal is currently grappling with the consequences of climate change, which include rising
temperatures, shifts in precipitation patterns, and the gradual disappearance of glaciers.
These changes have significant implications for Nepal's water resources, agricultural

productivity, and ecological balance.

Climate-related shifts, including alterations in temperature, precipitation patterns, and the
frequency of extreme weather events, have the potential to cause significant impacts on
various sectors, such as water availability, disaster risk reduction, agriculture, industry,
and recreational activities. A substantial portion of Nepal's population is at risk due to
these climate change impacts, including threats like reduced agricultural yields, food
insecurity, increased pressure on water resources, forest and biodiversity degradation, and
compromised infrastructure. Nepal saw an annual temperature increase of 0.056°C, with
the most pronounced warming evident at elevated altitudes in the high mountains and the
Himalayas by the latest report of DHM, Government of Nepal. It is anticipated that the
severity of these consequences will worsen unless effective adaptive measures are put in

place (Mengistu et al., 2021).

2.3 Climate model

Climatic models are critical tools for developing views of probable future climatic
situations. They work by modelling the complex interplay of the global climate system
and its underlying processes, particularly as it relates to the effects of human-caused
climate change. General Circulation Models (GCMs) are a sort of major climate model
with a somewhat coarse spatial resolution. While these models are unable to capture fine-
scale features, they do combine regional shifts to provide insight into larger global
transitions (Bergdtrom Sten et al., 2001). The General Circulation Model (GCM) is a
complex mathematical and numerical design. It applies fundamental ideas such as like as
the Navier-Stokes equations and thermodynamics to simulate the complicated dynamics
of the Earth's atmosphere and oceans. GCMs provide a very comprehensive model of
atmospheric phenomena and are well suited for long-term temporal scales and large spatial

coverage.



According to the 6th IPCC assessment report, the most recent climate scenario is Shared
Socioeconomic Pathways (SSP). It has a diverse set of policy options for mitigating and
adapting to climate change. As a result, SSP refers to a collection of socioeconomic
challenges that must be addressed in order to mitigate and adapt. As a result, SSPs are the
result of a social trend of making mitigation or adaptation decisions without considering
climate change (Daigneault et al., 2018). Projections from General Circulation Models
(GCMs) are critical in understanding future climate changes. However, the spatial
resolution at which GCMs are conducted is frequently too coarse to obtain meaningful
projections at the regional and local scales. Higher spatial resolution precipitation and
temperature estimates are necessary for climate impact assessments. Furthermore,
precipitation and temperature from GCMs have a bias due to their coarse resolution or
model parameterizations. Many methodologies and models have been used in the past to
explore the potential impact of climate change on water supplies On a river basin's
hydrology, the effects of climate change and water resources should be simulated applying
well-calibrated and validated models, as well as various climate scenarios, to deliver a
credible and robust estimate of uncertainty (Li et al., 2016). Correspondingly, the
employment of different climate and hydrological models is important to assess the
response of hydrology to fluctuating climate in a systematic manner, in due course
estimating the upcoming state of these water resources. Conducted a systematic review of
hydrological responses to climate change and discovered that uncertainty caused by

hydrological models was greater than uncertainty created by climate models.

However, Applying using them for climate projection requires accepting various
assumptions and dealing with inherent uncertainties. These uncertainties stem from a
multiple variety of sources, including the amount of greenhouse gas emissions, the model's
intricate architecture, the initial conditions set at the model's boundaries, methodologies
for downscaling from larger scales to local levels, and techniques for correcting inherent
biases (Ghimire et al., 2019). Given the possibility of biases introduced by these models
when compared to observable data, the pursuit of enhanced GCM output involves the use
of optimal procedures and methodologies. A prudent plan entails using various GCMs to
analyze and contrast their findings, the most credible model for future forecasts is
identified. Furthermore, a variety of bias-corrected climate projection data, such as CMIP6
data, is now available, which contributes to improving projection accuracy (Mishra et al.,

2020).



In summary, climate models are a critical entryway to understanding what lies ahead for
our planet's climate. The complicated interplay of numerous components, the need to
balance assumptions with uncertainties, and the pursuit of greater accuracy all highlight
the dynamic and varied nature of climate modeling. We get ever deeper insights into the
complicated dance of Earth's climate system as knowledge develops and these models

evolve.

2.4  Hydrological Models

A hydrological model is a mathematical depiction of the processes that influence water
transport and distribution within a certain area or watershed. These models are used to
represent the hydrological cycle's behavior, which includes processes such as
precipitation, evaporation, infiltration, runoff, and stream flow. Hydrological models assist
researchers, water resource managers, and policymakers in understanding how water
moves through the terrain, forecasting changes in water availability, and making informed
water management decisions. Hydrological model are classified into lumped model, semi-

distributed and distributed model.

2.4.1 Lumped model

Lumped rainfall and runoff models are simpler, more extensively utilized, and operate in
a single homogeneous unit. In addition, they need less input data than distributed and semi-
distributed models. The model does not represent the physical properties of hydrologic

processes.

2.4.2  Semi distributed model

The semi-distributed model is also known as the simplified distributed model. Because
parameters vary over space, divide the basin into multiple sub basins. Semi-distributed
model types include HEC-HMS, TOPMODEL, SWAT, and others. Unlike TOPMODEL,
which use a probability distribution of input parameters over the basin, HEC-HMS
employs an equation for surface and subsurface flow. In terms of structure, semi-
distributed models have the advantage of being more physically based than lumped models

(Cunderlik et al., 2003).

2.4.3 Distributed model

Distributed hydrologic models can be utilized for the most accurate simulation of

precipitation-runoff processes. Because they are entirely spatially variable at a given
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resolution, the parameters of these models are substantially more complex than those of
semi-distributed models. Distributed models include the Guelph All Weather Sequential
Event Runoff (GAWSER), MIKE11/SHE, and CASC2D (Cunderlik et al., 2003). GDM
(Glacio Hydrological Degree Day Model) is both dispersed and gridded. Flood
forecasting, flood control, land use and climate change effect assessments, pollution
control, and other applications all make extensive use of distributed models. Input data for
these models include topography, vegetation, land use and land cover, rainfall,

evaporation, soil properties, vegetation, and so on (Ghimire et al., 2019).

2.5 Modelling Approaches

In contemporary practice, the realm of glacier melt modeling encompasses two
predominant techniques: the energy balance approach and the temperature index model.
These methods are widely employed across various global regions to compute discharge
in river basins with glacier coverage. The energy balance method breaks down melt as a
residual term in the surface energy balance equation, carefully taking into account the total
energy flows in the atmosphere and along the edge of the glacier. (Reid & Brock, 2010).
Conversely, the temperature index model hinges on empirical relationships between air
temperatures and the pace at which melting occurs (Braithwaite, 1995; Hock, 2003). While
the energy balance approach excels in capturing comprehensive melt quantities (Hock,
1999, 2003) its utility faces limitations for Himalayan glaciers located in remote terrains

where data availability remains a challenge (Kayastha et al., 2000).

The fundamental objective of hydrological models is to replicate the intricate flow patterns
emerging under a diverse array of circumstances or scenarios, effectively encapsulating
the essential mechanisms governing the hydrological cycle. This intricate emulation
process closely mirrors the inherent natural processes (Ghimire et al., 2019). To achieve
this, these models engage in the simulation of basin runoff, employing variables such as
precipitation, air temperature, relative humidity, alongside additional inputs involving the
basin's topography, land cover, and soil attributes. The scope of applications for
hydrological models is expansive, covering domains like water resource planning and
development, in-depth flood analysis, precise quantification of water quality and quantity,

and the comprehensive assessment of climate change impacts.

Several hydrological models have been developed in recent years such as HBV model

(Bergstrom, 1992; Meteorological, 2015), SWAT model (Amold et al., 1998), JAMS
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J2000 model (Krause, 2002), SPHY model (Terink et al., 2015), GDM model (R. B.
Kayastha & Kayastha, 2019) and many other to estimate water balance and components

contributions through model parameterization (Budhathoki et al., 2023).

2.5.1 Hydrologiska Byrns avdeling for Vattenbalans (HBV) Model

It is a conceptual model that incorporates various physical processes and basin
characteristics. This model relies on temperature and precipitation data as input to assess
and simulate stream flow (Vormoor et al., 2018). It offers a comprehensive assessment
of basin responses, encompassing factors such as precipitation, climate, land use, water
balance, flow patterns, the impacts of climate change, flood characteristics, as well as the

intricate interplay between soil and water, and sediment yields (Adhikari et al., 2022).

As highlighted by (Seibert & Vis, 2012; van Tiel et al., 2020), the HBV-light version
includes functionalities for handling precipitation in snowy conditions, soil moisture
dynamics, chemical reactions, and routing mechanisms that account for the presence of
lakes and glaciers (Seibert, 2005). Importantly, this model provides continuous discharge
simulations at different elevations, considering both glacierized and non-glacierized

zones, and can be applied to specific sites within the basin area.
2.5.2 Spatial Processes in Hydrology (SPHY) Model

Spatial Processes in Hydrology (SPHY) v3 model as outlined by (Terink et al., 2015), is
a spatially distributed water balance model characterized as a "leaky-bucket" type. It is
specifically designed for conducting large-scale studies on cryosphere-hydrological
interactions and incorporates various hydrological components, encompassing (a) the
transformation of rainfall into runoff, (b) processes related to the cryosphere, (c)
evapotranspiration, and (d) soil hydrological mechanisms. An important feature of SPHY
is its adaptability to various spatial scales, making it suitable for analyses at sub-basin,

basin, and regional levels.
2.5.3 Jena Adaptable Modelling System (JAMS J2000) Model

Designed with an open modeling philosophy in mind, the J2000 system provides a
versatile set of capabilities for preprocessing input data. These functionalities encompass
tasks such as correcting precipitation data, regionalizing climate data obtained from
specific locations, and computing potential evapotranspiration, as outlined in the works

of (Krause, 2002; Krause & Kralisch, 2005). The J2000 system integrates distinctive
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features, including a modular design that accommodates self-contained program modules
for runoff simulation. Operating within an object-oriented framework, these modules
receive data, produce results, and seamlessly interchange with others, enhancing
adaptability for future improvements without necessitating a full model reconstruction.

(Krause & Kralisch, 2005).
2.5.4 Soil Water Assessment Tool (SWAT) Model

SWAT functions as both an operational and conceptual model, operating on a daily time
scale. Its primary goal during development was to project the impact of management
practices on water, sediment, and agricultural chemical yields within extensive, ungauged
basins. To achieve this objective, the model (a) eliminates the necessity for calibration,
which is often impractical in ungauged basins; (b) relies on readily available input data
that is applicable to vast geographical areas; (c) demonstrates computational efficiency
suitable for large basins within reasonable timeframes; and (d) maintains continuous
operation, enabling the simulation of outcomes resulting from management changes over

extended periods (Amold et al., 1998).
2.5.5 Hydrologic Modeling System (HEC HMS) Model

The Hydrologic Modeling System (HEC-HMS) is a meticulously designed tool crafted
to emulate the intricate processes of precipitation-runoff within dendritic drainage basins.
Its inherent versatility allows for its application in diverse geographical regions,
addressing a wide range of challenges. These applications span from managing water
resources in extensive river basins and forecasting floods to dealing with smaller-scale
concerns like runoff in urban or natural watersheds. The hydrographs generated by HEC-
HMS serve practical purposes, either independently or in conjunction with other software
tools. They support various studies related to the availability of water resources, urban
drainage, flow prediction, the potential impacts of future urban development, the design
of reservoir spillways, flood damage reduction, floodplain regulation, and systems

operation.
2.5.6  Glacio-hydrological Degree-day Model (GDM)

The GDM Version 2.0 is a distributed and gridded Glacio-hydrological model that
simulates daily river discharge and calculates the contribution of snow melt, ice melt, rain,
and base flow to river discharge, according to (Kayastha et al., 2020; Kayastha &

Kayastha, 2019). The melt module in GDM uses a temperature index model to perform
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the basic approach for modelling glacio-hydrological events. GDM is calibrated based on
essential calibration parameters such as positive degree-day factors, snow and rain runoff
coefficients, and recession coefficients Positive degree-day factors and critical temperature
values are obtained from previous research in central Himalayan catchments (Kayastha et

al., 2005; Khadka et al., 2015).

The utilization of OGEM and GDM in projecting stream flow alterations within the
Urumgqi river head watershed in the Tianshan Mountain region, China, demonstrated the
GDM's greater sensitivity to shifts in air temperature than changes in glacier extent (Yang

etal., 2022).

2.6  Glacio-Hydrological Degree-Day Model (GDM)

GDM is helpful for Himalayan catchments where data is scarce due to difficult terrain and
an insufficient number of meteorological stations, GDM can function with low data and
minimum model parameters. The parameters of the melt module, such as the degree-day
factors for snow and ice melt, are derived from field observations conducted in the Nepal
Himalayas. (Kayastha et al., 2000). Degree-day factor for ice melt under a debris layer is
assumed to be around half of the clean ice melt based on the field observation on Khumbu
and Lirung Glaciers in Nepal Himalayas. Many researcher has been working on the field
of glaciology modeling with this model (Table 2.1).

In order to estimate potential evapotranspiration using the Thornthwaite equation, monthly
sunlight hours must be added to these components. The possible solar hours estimates are
based on previous research (Niroula et al., 2015). The model separately estimates melt for
snow, clean ice and ice under debris based on the degree-day approach (Braithwaite &
Olesen, 1989; Kayastha et al., 2005). The equations used in the model can be referred from
(Kayastha et al., 2020).

Table 0.1 Summary of application of Glacio Hydrological Degree-Day model for
different study with their major findings.

Study Area Objectives Major Findings References.
Marsyangdi GDM useful for The model has the potential to (Kayastha &

and Trisuli Himalayan River be a useful tool for researching Kayastha,
River basin, basin the dynamics of hydrological 2019)
Nepal systems and the consequences
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Koshi River
basin, Nepal

Marsyangdi,
Trisuli and
Tamor River

Basin, Nepal

Karakoram,

Pakistan

Tianshan
Mountain,

China

Future projection of
cryospheric and
hydrologic regimes in
Koshi River basin,
Central Himalaya,
using coupled glacier
dynamics and glacio-
hydrological models
Comparative study of
hydrology and
icemelt in three Nepal
river basins using the
GDM and
observation from the
ASCAT
Multi-model
assessment of glacio-
hydrological changes
in central

Karakoram, Pakistan

Projection of Stream

flow Changes Under

CMIP6 Scenarios in
the Urumqi
River Head
Watershed

of climate change on

Himalayan river basins.

Most sub-basins experience a

shift in peak flow from August

to July. This study's linked

modeling technique can greatly
enhance our understanding of

glacio-hydrological dynamics

in the Himalayan region.

ASCAT GM detects glacier
melting at higher elevations
than GDM but lacks the
precision to capture complex
ablation zone processes, as
evident from modeling and
satellite data.

The restructured melt and
baseflow
modules in GDM have
fundamentally enriched our
Perception of glacio-
hydrological dynamics in the
Catchment.

It was discovered that a 2°C
increase in the monthly
average temperature might
result in a 37.7% increase in
the basin's total discharge.

Furthermore, the GDM was

more sensitive to changes in air

temperature than changes in

glacier size.
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2.7 Terms Used in the Model

Table 2.2 shows the parameters and features used in GDM.

Table 0.2 Parameters and features used in Glacio-Hydrological Degree Day Model

Grid:

Reference Station Elevation:

Lower/Higher Elevation:

Higher elevation (HE):

Debris-covered glacier area:

Clean glacier area

Number of grids in which the study basin is
divided

Base station elevation for temperature (T) and
precipitation (P) in m a.s.I.

Lower elevation (LE) is usually the elevation

from where glacier starts.

Elevation from where the degree day factors
need to be changed. These LE and HE are used
to assign different degree-day factors for the

basin.

Area of the basin covered by debris-covered
glacier (kmz) (If the basin does not has debris-
covered glacier ice, then the debris-covered

glacier area at each zone = 0)

Area of the basin covered by a clean glacier
(km?)

Degree-day factor (mm/°C/d); ks and kb refer
to degree-day factors for snow and ice melt,
respectively. These values may differ
according to the elevation of the basin, which
is denoted by LE and HE for lower elevation
and higher elevation, respectively.

e k [LE] represents the degree-day
factors for the elevation zones that
starts from the lower elevation to
zone below higher elevation defined

by the user.
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Crand Cs:

Critical Temperature:

Temperature lapse rate:

xandy:

Model Accuracy:

o k [HE] represents the degree-day
factors for the elevation zones that
start from the higher elevation

defined by the user.

Cr and Cs: Runoff coefficient expressing
losses as a ratio of the measured precipitation
to the measured runoff, where Cr and Cs refer
to rain coefficient and snowmelt runoff
coefficients, respectively. The program
accepts different values of Cr and Cs for

different months.

Whether the measured precipitation is rain
or snow at that temperature is determine by

Critical temperature (°C)

Temperature lapse rate (°C/100 m) can be
obtained from the temperature stations
available at different elevations within the
basin or from nearby stations that can
represent the climatic condition of the basin.
The program accepts different temperature

lapse rate values for different zones.

x and y are the constants used to calculate the

recession coefficient (k)

The model accuracy can be assessed
thorough two accuracy criteria:

Nash — Sutcliffe Coefficient (Nash and
Sutcliffe 1970).
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7@ — Q)

NSE =1-—

Where

n : Number of days

Qi: Daily measured discharge

Q’i: Simulated measured discharge

Q: Average discharge of the given year in
m?/sec.

ii. Volume Difference:

r

P 7
VD (%) =%x 100
R

where
Vr: Measured runoff volume

V’r: Simulated runoff volume in m3.
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CHAPTER THREE: DATA COLLECTION AND METHODOLOGY

3.1 Study Area

The Tamakoshi River is a trans-boundary Himalayan river basin and one of the major
tributaries of the Koshi river basin system, located in eastern Nepal on the central
Himalayas' southern slope. The basin is situated geographically on Dolakha and
Ramechhap districts of Nepal form the country's political boundary. The basin is 2937.509
square kilometers having perimeter of 365.23 kilometers at the Busti gauging station, with
1,444.57 square kilometers on Chinese territory. Tamakoshi river basin is located at
latitudes 27°20' N to 28°20"' N and longitudes 85°40' E to 86°40' E, with heights ranging
from 857 m a.s.l to 7323 m a.s.] nearby Mt. Cho Yu. Over 39% of the catchment (1163
km?) is over 5000 m a.s.l. This basin is predicted to have 85 glaciers covering a total area
of 84.4 square kilometers in 2010 (ICIMOD, 2014). This basin's climate is subtropical at
low levels and tundra at higher elevations (Karki et al., 2016). From June to September,
The summer monsoon, has huge influence on the climate of the study area. The climate
also differs from lower to higher altitude, in the high Himalayas. In summer and winter
the basin's average temperature is 28 degrees Celsius and 7 degrees Celsius respectively,
the minimum temperature in the study region falls below freezing. During the winter, in
the higher Himalayas. Yearly rainfall in the study area is roughly 1900 mm, with 80%
falling during the summer monsoon (Aryal et al., 2019). The study area including the

hydro-meteorological stations and the stream flow is shown in Figure 3.1.
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Figure 0.1 Study Area (Tamakoshi River basin) showing the stream flow along with

hydro-meteorological stations used for the study within the basin.

3.2 Data collection
3.2.1 Hydrology and Meteorology

Hydro-Meteorological data were collected from the Department of Hydrology and
Meteorology (DHM), Government of Nepal. Overall, Four meteorological and one
hydrological stations were used in this study, the daily observed precipitation data were
collected form Nagdaha (1101), Charikot (1102), Jiri (1103) and Kabre (1124) whereas
daily observed temperature data was only for station Jiri (1103). The hydrological data i.e.
the daily discharge data was collected from Busti station (647). Data is used for the
calibration and validation of the Hydrologic model. The meteorological data are

precipitation, maximum temperature, and minimum temperature data. The daily observed
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Meteorological data from DHM range from the year 2004 to 2020. There are many flaws
and gaps in the data provided by DHM. Therefore for better analysis and interpretation the
baseline data from DHM was taken for 32 years. For the purpose of model calibration and
validation, we have employed weather data from 2004 to 2009 for calibration and from
2011 to 2020 for validation, on total the calibration period is taken as six years and
validation is taken ten years. The stations used in the study area with its location and

elevation are shown in the Table 3.1.

Table 0.1 Description of the hydrological and metrological station of the study area with

its station id, location, elevation and frequency of the data availability.

Hydro-Meteorological Stations

Station Location Type Latitude | Longitude Elevation Frequency
ID (DD) (DD) (m)
1101 Nagdaha Precipitation 86.104 27.676 909 Daily
1102 Charikot Climatology 86.05 27.667 1940 Daily
1103 Jiri Agrometeorology 86.232 27.630 1877 Daily
1124 Kabre Agrometeorology 86.142 27.639 1755 Daily
647 Busti Discharge 86.086 27.635 849 Daily

3.2.2 Topography/Spatial Data

Grid elevation data in GDM is calculated using the Advanced Space borne Thermal
Emission and Reflection Radiometer (ASTER), Global Digital Elevation Model (GDEM)
v3, with a resolution of 30 meters, available from the United States Geological Survey
(USGS) (M. Khadka et al., 2020). Using Arc GIS, downloaded data was projected to WGS
1984 UTM Zone 45N and then clipped to create the DEM of the research region. The
clipped DEM is then used to fill the pits and sinks in the dataset, followed by the
development of flow direction and flow accumulation maps and further used in the GIS
Software and GIS processing were performed to obtain basin characteristics as flow path
length, slope of basin, basin relief and drainage density. The elevation ranges from 857 m
a.s.] to 7323 m a.s.] nearby Mt. Cho Yu. Over 39% of the catchment (1163 km?) is over
5000 m a.s.l. Elevation wise DEM of the study is shown in Figure 3.2.
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Figure 0.2 Digital Elevation Model of the study area (elevation ranges from 857 m a.s.1
to 7323 m a.s.])

3.2.3 Land use map

Since the study area encompasses high mountains, crop fields, forests, and glaciers so land
use and land cover data will be needed and the model required eight classes of land cover.
Global land use/land cover data with a 10 m resolution from Sentinel-2 was acquired from
ESRI. The inventory of clean and debris-covered ice glaciers was sourced from the (RGI

Consortium, 2017). The dataset, titled "Randolph Glacier Inventory - A Dataset of Global
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Glacier Outlines, Version 6," is available in the form of a shape file. It was published by
the National Snow and Ice Data Center in Boulder, Colorado, USA, and can be accessed

at https://doi.org/10.7265/4m1f-gd79. The land use data was extracted with a resolution of

10 meters from ESRI and introduced into GIS software to be classified for clean and
debris-covered glacier information (Karra & Kontigs, 2021). The land use pattern of the
study area has been given in Figure 3.3. The components included in the Tamakoshi basin
are around forest (20%), crops (0.35%), grassland (32%), bare lands (33%), wet lands
(0.65%), settlements (2%), debris covered glaciers (3%) and clean glaciers (9%). The
classification of the land use and land cover is as shown in Figure 3.4. The reclassification
of the land use and land cover using the LULC is in Figure 3.5. In the study area, eight
different land use types are preserved. The majority of the area is covered by grass land
and bare land, followed by forest. Water, crops, and built-up areas cover a smaller area
than other types. The land use changes has great impact on discharge of the river and

evapotranspiration (Wegehenkel, 2002).
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Figure 0.3 Land use map of the study area showing the eight different classification of
land use.
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Figure 0.5 Area-altitude distribution of debris covered and clean ice along with other land
use types in Tamakoshi river basin based on Aster GDEM V3 of 30 m resolution, ESRI
Sentinel-2 and Randolph Glacier Inventory (2017).

3.3 Bias-Corrected Future Climate data

The role of Projections originating from General Circulation Models (GCMs) is pivotal in
unraveling the contours of forthcoming climate shifts. However, the spatial resolution at
which GCMs function often falls short of delivering reliable projections at the regional
and local levels. In order to effectively gauge the consequences of climate change, higher
spatial resolution is imperative for precipitation and temperature projections. Moreover,
the precipitation and temperature outputs of GCMs harbor biases due to their coarse
resolution and underlying model parameterizations. Consequently, in the pursuit of
evaluating the impact of climate change on sectors such as water resources and agriculture,
the process of bias correction becomes a requisite. To achieve this, both statistical and
dynamical methodologies are employed to refine and rectify biases in climate change

projections emerging from GCMs (Mishra et al., 2020).

Upon realms such as agriculture, water resources, infrastructure, and the livelihoods of
millions across South Asia to unleash substantial challenges the impending specter of
climate change is poised. In response, we have carefully cultivated a comprehensive
dataset that encapsulates daily bias-corrected records of crucial variables including

precipitation, maximum and minimum temperatures. Boasting a spatial resolution of 0.25°
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this dataset encompasses an expansive expanse that includes nations such as India,
Pakistan, Bangladesh, Nepal, Bhutan, and Sri Lanka. . The intricate construction of this
bias-corrected dataset depend on the adept application of Empirical Quantile Mapping
(EQM) techniques. 18 river basins nested within the larger Indian sub-continent, the scope
of this dataset extends to encompass, while simultaneously casting its gaze into the
horizon, and this dataset unfolds as a chronicle of historical records spanning 1951 to 2014,
venturing into future projections from 2015 to 2100 across four distinct scenarios
(SSP12.6, SSP24.5, SSP37.0, and SSP58.5). This compilation is rooted in the outputs of
13 General Circulation Models (GCMs) sourced from the Coupled Model Inter
comparison Project-6. The meticulous validation process of this bias-corrected dataset
entails a rigorous examination against observed data encompassing both average and

extreme precipitation, along with maximum and minimum temperatures.

For bias correction, statistical transformations are employed to discover a function that
links the model's output to a fresh distribution, aligning it with the distribution seen in the
actual observations. Typically, this transformation can be expressed mathematically (Piani

et al., 2010) (Figure 3.6).
X°m = f(Xm) (1)

Where x°n is the bias-corrected model output. If the statistical distribution of X, and x¢ are

known, the transformation can be written as:

Xm =F1o (Fm (Xm )) 2
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Figure 0.6 Illustration of Empirical Quantile Mapping of model output (xm) (obtained from
CMIP6 archive) and observed daily maximum temperature (xo) over a representative grid-
point chosen randomly from the Indian Subcontinent. While at 20th percentile (¢o.2), (Xm)
is lower than (X,) for the same quantile, (xm) exhibits higher bias than xo at 60th percentile

(d0.6) (Mishra et al., 2020).

Bias-corrected projections hailing from 13 CMIP6-GCMs. Various Global Climate
Models (GCMs) with spatial and daily temporal resolution from the CMIP6 dataset have
been utilized as input climate data for the Global Hydrological Model (GDM). This is done
to simulate forthcoming hydrological conditions, considering the SSP24.5 and SSP58.5
climate scenarios, spanning the time period from 2023 to 2050. Three GCM with high
resolution namely EC-Earth 3, MPI-ESM-2-HR and NorESM2-MM data were used for

the future scenario simulation out of thirteen GCMs given.

34 Methodological Framework of the Study

Daily extrapolated temperature and precipitation from the reference station to each grid
are used to force the model for the discharge simulation. The threshold temperature (Tr)
determines whether the precipitation is in the form of snow or rain in each grid in the
respective time step as:
Precipitation = {rain, if T>Tr
{Snow, if T<Ty
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Where, T is extrapolated daily air temperature for grids and Tt is threshold temperature,
both in °C. In each grid, daily ice melt from debris free and debris-covered ice and snow

Melt from glacierized and glacier free areas is calculated as:

M= {Kd or Ks or Kb x T if, T>0
{0 if, T<0

here, M is the ice or snow melt in mm day ™! in each grid, T is daily air temperature in °C,

Kq, Ks, and Ky are the degree-day factors for debris-covered ice, snow and clean glacier

ice in mm °C ™! day ™ !. The model takes an account for the multilayer melting of the snow

above clean ice and debris-covered ice. Baseflow is calculated using a baseflow simulation
approach as in SWAT. Two aquifer system: shallow and deep aquifer system concept is
applied to simulate the base flow in glacier and snow melt dominated basin (Li et al., 2016;
Luo et al., 2012). The advantage of two reservoir system over single reservoir system is
that it releases the discharge in recession period and assures the level of discharge much
more similar to observed discharge during the recession period. Figure 3.7 shows the
overall framework that were carried out to analyze and evaluate the Impacts of climate

change on the study area using GDM V.2.
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Figure 0.7 General framework of the overall study.
3.5 Filling missing data

For a hydrological model to perform, missing data must be filled in. The department of
Hydrology and Meteorology provided the temperature and precipitation data used in this
study. There are numerous methods for estimating missing data. Arithmetic mean method,
Normal ratio method, Inverse Distance Weighted method, precipitation gradient method
are few of them. The IDW (Inverse Distance Weighted) was used to fill the missing rainfall
data.

The IDW method is based on the proximity of neighboring stations (or SSs) to the target
station (TS). This method used distance between TSs and SSs as a weighted factor by

calculating as follows:
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d;m
W, =

i -1
i=14;

Where di refers to the distance between TS and SS, and m is the total number of SSs being

(1))

used. The value of power “n” usually ranges from 1 to 6.

Nevertheless, the frequent used value of n is 2 (Wuthiwongyothin et al., 2021) which is
also applied in this study as the distance increases, the IDW weight decreases. The value
of power n is directly proportional to the distance between the stations and the less weight

any one station gives to a reading assigned to a neighboring station.

At the Jiri stations, and Charikot station, the Tamakoshi Basin temperature data were
accumulated. Some of the data are missing, in each station. Between 1990 and 2020 Data
on temperatures were collected. There are multifarious techniques to interpolate the
missing temperature data but this case uses the temperature lapse rate method. The
temperature lapse rate method, in high altitude regions, is important technique for
estimating missing temperature data. This method is appropriate where there is zero
station and the data is extremely rare (Zhang et al., 2018). In the water sheds of the glacier
and snow cover, the snow model technique uses the lapse rate method between observed

and predicted stream flows the efficiency was shown to be improved by the GDM.

The basic definition of lapse rate is a temperature decrease with increasing altitude. The
station-to-station lapse was obtained to identify the missing data. Stations Jiri, Charikot
and Tsho Rolpa are located at elevations of 1877 m, 1940 m, and 3200 m, respectively.
The lower elevation station data was used for interpolating other stations data. The basic

equation used for estimating temperature data is given by:

LT
E,—E4

Where,

T, and T, are mean temperature of Stations;

E; and E, are elevation of stations;

L, = lapse rate of considered stations;

The missing temperature data were obtained using the following equation after knowing
the station's lapse rate.

T,=T, + L, *Ty
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Where,
T, = known temperature data of station
T, = Missing temperature data of station

The missing temperature data for all stations in this study were estimated using the above
two lapse rate equations.

Daily minimum and maximum temperature data and observed precipitation and observed
discharge for the calibration and validation period is shown below (Figure 3.8, 3.9 and
3.10)

Temperature (°C)
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Figure 0.8 Daily minimum temperature distribution between 2004-2020 at the base station

at Tamakoshi River basin
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Figure 0.9 Daily maximum temperature distribution between 2004-2020 at the base station

at Tamakoshi River basin
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Figure 0.10 Observed average precipitation vs observed discharge at outlet of basin for the

study period (2004-2020) on Tamakoshi River basin
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1 Model Calibration and Validation

The physical-based method was used to obtain a comprehensive understanding of the
basin's hydrological regime. For the hydrological simulations in the basins, GDM was
calibrated. The model is calibrated using a variety of positive degree-day factors as well
as a set of degree-day factors, for each month is chosen that falls within the extend of the
approximated degree-day factors on various glaciers in the Nepal Himalayas. Additionally
the model is calibrated with the help of ice and snow coefticients. Table 4.1 provides a list
of all the calibrated variables and coefficients utilized in the investigations using GDM.
The model is setup for Busti river basin station (ID 647) including the support of observed
day-to-day discharge from the station and simulated discharge from the model the

calibration for the year 2004-2009 and validation from the year 2011-2020 was done.

Table 0.1 Calibration parameters used in GDM and their respective values in

Tamakoshi river basin

Parameters Unit Value
Critical temperatures for Snow/rain °C 2
Temperature Lapse Rate (TLR) °C 100 m'! 0.58
Land Land cover type 1- Forest - 0.3-0.6
constant | Land cover type 2- Crops - 0.5-0.7
Land cover type 3- Grass land - 0.5-0.6
Land cover type 4- Bare Land - 0.3-0.6
Land cover type 5- Wet land - 0.95
Land cover type 6-Settlements - 0.95
Land cover type 7- Debris Covered Glacier - 1
Land cover type 8- Clean Glacier - 1
Degree- | Snow melt (ks) mm  °C’! 8t09.5
day day!
factor Ice melt (clean-ice glacier) (kv) mm °C! 8to 10.5
day!
Ice melt (debris-covered glacier) (kq) mm °C! 3
day!
Recession coefficient for surface runoff (ky) - 0.8
Time delay for geological formation (shallow aquifer) | days 10
(Agw,sh)
Recession constant (shallow aquifer) (ogw,sh) - 0.5
Time delay (deep aquifer) (Agw.dp) days 250
Recession constant (deep aquifer) (ogw,dp) - 0.5
Seepage constant (deep water) (Bdp) - 0.8
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Figure 4.1 illustrates the comparison between daily simulated discharge and observed
discharge hydrograph for the Tamakoshi river basin during both calibration and validation
periods. The model successfully captures both high and low observed discharge, with a
minor overestimation observed in the pre-monsoon or low-flow period. This
overestimation is linked to the model's representation of precipitation distribution, where
the transfer from lower to higher elevations might not precisely reflect the significant
variations in precipitation levels in mountainous environments, particularly in the complex
topography of the high Himalayan region within the basin (Immerzeel et al., 2015).
Despite these challenges, the model achieves commendable performance, as indicated by
favorable Nash-Sutcliffe Efficiency (NSE) and R-squared (R?) values, and maintains a

volume difference within 10%, even with limited input data.
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Figure 0.1 (A) Precipitation distribution and observed vs Simulated discharge for
calibration period (2004-2009) ,(B) Precipitation distribution and observed vs Simulated
discharge for validation period (2011-2020), (C) Scatter plots show the fit between the
observed and simulated values for the calibration period (2004-2009), (D) Scatter plots
show the fit between the observed and simulated values for the validation periods (2011-

2020).

The best performing parameter for the basin is used to assess the model's performance.
The calibration and validation (Figure 4.1 A and B) Nash-Sutcliffe Efficiency (NSE)
values are 0.77 and 0.80, whereas the volume difference is 7.8% and 9.5% simultaneously
and the R? values for calibration is 0.77 and for validation is 0.82. Hence , During the
basin's calibration and validation periods ,the model's performance is very good (Da Silva

etal., 2015).

4.2 Contribution of Rain, Baseflow, Snowmelt and Icemelt

The model gives the contribution of different components like Icemelt, Baseflow, Rain
runoff and snowmelt that are the components of the discharge. Figure 4.2 shows the
average annual monthly contributions of the discharge components for the calibration and
validation period of total average annual monthly discharge. Here, snowmelt contributes

12.17% of the total annual discharge, ice melt contributes 3.18% (from clean ice and ice
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under debris), rain contributes 46.86%, and base flow contributes 37.57% during the
calibration period (2004-2009). Likewise, snowmelt contributes 10.77% of the total annual
discharge, icemelt contributes 3.27% (from clean ice and ice under debris), rain contributes
46.33%, and base flow contributes 38.79% during the Validation period (2011-2020). Our
study shows that the rain dominates the contribution in monsoon period which is followed
by base flow contribution and the base flow contribution is throughout the whole year. By
(Khanal et al., 2021) in Narayani river basin by SPHY model the contribution of rain runoff
18 63%-65%, snow melt 9%-12% , ice melt is 3%-4% , and base flow is 21%. This research
intently matches the contribution of snow melt and ice melt, besides the contribution of
rain and baseflow is varied this may be due to the area coverage of the basin i.e. the
Narayani basin is about 37 times bigger than our study area river basin. Hence the runoff

contributions by different component is varied.
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Figure 0.2 (A) Average monthly contribution of baseflow, rain, snowmelt, and icemelt for
the calibration period (2004-2009) (B) Average monthly contribution of baseflow, rain,
snowmelt, and icemelt for the calibration period (2011-2020).

In Figure 4.3 and 4.4, the monthly variations in the percentage contribution of icemelt and
snowmelt are depicted. Significant contributions from icemelt and snowmelt to stream
runoff are observed during the low-flow period between May to June. In both calibration
and validation period, snowmelt and icemelt has significant contribution. In long run we
can assume that the deficit of snow and ice in the basin may decrease the contribution in
the flow resulting the decrement of discharge in Tamakoshi river basin. The potential
consequences of rising temperatures, including reduced snowfall and glacier coverage,

could have adverse effects on future river discharge.
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Figure 0.3 Average monthly percentage contribution graph of Snowmelt and Icemelt for
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Figure 0.4 Average monthly percentage contribution graph of Snowmelt and Icemelt for

validation period (2011-2020)

4.3

Future Precipitation and Temperature Trend

The projected data were bias corrected within the basin using bias correction method. The

analysis of the future climate is conducted for a 27-year period, from 2021 to 2050. Since

future land cover change has not been taken into account in our analysis, we have not
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extended our projection into the far future (beyond 2050). Our model is descriptive in
nature and may model various glacial melt trends in the future, as well as other physical
aspects of the basin We have incorporated yearly precipitation and average temperature
data from the three Global Circulation Models (GCM) into the GDM in order to anticipate
future discharge. It is anticipated that both temperature and precipitation will rise in the
next years. The entire year will see an increase in temperature, with springtime forecasting
the highest increase and summertime being the lowest in Tamakoshi river basin (Khadka

etal., 2014).

The different trend of future precipitation and temperature form the GCMs data are shown

in Figure 4.5 and 4.6 and also tabulated in Table 4.2.
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Figure 0.5 (A) Future total annual precipitation variation under EC-Earth3 GCM SSP 245
scenario (2023-2050) (B) Future total annual precipitation variation under EC-Earth3
GCM SSP 585 scenario (2023-2050) (C) Future total annual precipitation variation under
MPI-ESM1-2-HR GCM SSP24.5 scenario (2023-2050) (D) Future total annual
precipitation variation under MPI-ESM1-2-HR SSP 585 scenario (2023-2050) (E) Future
total annual precipitation variation under Nor ESM2-MM GCM SSP24.5 scenario (2023-
2050) (F) Future total annual precipitation variation under Nor ESM2-MM SSP58.5
scenario (2023-2050).

Provocatively, the above shown graph of future projected precipitation from three different
GCMs shows the declining trend at the rate of 2.57 mm/year, 4.41 mm/year and 8.76
mm/year in TRB under SSP24.5 scenario as projected by GCM EC-Earth3, MPI-ESM1-
2HR and Nor-ESM2-MM respectively. Similarly, under SSP585 Scenarios EC-Earth3
project the increasing trend of at the rate of 20.09 mm/year followed by the rate 5.36
mm/year projected by MPI-ESM1-2HR. Yet under SSP58.5 scenario Nor-ESM2-MM
shows the decreasing trend in the precipitation at the rate of 3.43 mm/year. This anticipated
reduction in precipitation rates may result in a decline in the simulated discharge in future

scenarios.
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Figure 0.6 (A) Future average annual temperature variation at base station under EC-

Earth3 GCM SSP24.5 scenario (2023-2050) (B) Future average annual temperature
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variation at base station under EC-Earth3 GCM SSP58.5 scenario (2023-2050) (C) Future
average annual temperature variation at base station under MPI-ESM1-2-HR GCM
SSP24.5 scenario (2023-2050) (D) Future average annual temperature variation at base
station under MPI-ESM1-2-HR SSP58.5 scenario (2023-2050) (E) Future average annual
temperature variation at base station under Nor ESM2-MM GCM SSP24.5 scenario (2023-
2050) (F) Future average annual temperature variation at base station under Nor ESM2-

MM SSP58.5 scenario (2023-2050).

The graphs above shows the increment of temperature at the rate of 0.013 (°C/yr), 0.028
(°Clyr), 0.046 (°C/yr) on SSP24.5 scenario as projected by GCMs EC-Earth3, MPI-
ESM1-2HR and Nor-ESM2-MM respectively. Furthermore on SSP58.5 scenario there is
the increment of the temperature at the rate of 0.066(°C/yr), 0.019 (°C/yr) and
0.058(°C/yr) by the GCMs sequentially.

Table 0.2 Precipitation and Temperature trend per year up to 2050.

Scenario GCM Precipitation Trend | Temperature Trend
(mm/yr) (°Clyr)
SSP24.5 EC-Earth3 -2.57 0.013
SSP58.5 EC-Earth3 20.09 0.066
SSP24.5 MPI-ESM1-2-HR -4.41 0.028
SSP58.5 MPI-ESM1-2-HR 5.36 0.019
SSP24.5 Nor ESM2-MM -8.76 0.046
SSP58.5 Nor ESM2-MM -3.43 0.058

4.4 Future Discharge Trend

Using a calibrated and validated model, the future discharge was computed in GDM by
inputting future temperature and precipitation data for two SSP scenarios from three
different GCMs together with bias correction. In the SSP24.5 scenario, the forecasted
discharge until 2050 demonstrates an increase at a rate of 0.30 m’s’!' and a decrease at a
rate of 1.9 m3s”!, 0.09 m3s'based on data from EC-Earth3, MPI-ESM1-2HR, and Nor-
ESM2-MM, respectively. Conversely, in SSP58.5, discharge is projected to rise at rates of
3.68 m’s’!, 0.56 m’s!, and 0.19 m’s™! for the same models (Table 4.3). Notably, ice melt
consistently outpaces snowmelt in contributing to the overall discharge, showing an
upward trend in ice melting year by year and day by day. Surprisingly, the portion of
baseflow contributing to total discharge does not exhibit a significant upward pattern.

Upon analyzing the various contributors, the average contributions stand at 31.78% for
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baseflow, 8.85% for ice melt, 53.65% for rainfall, and 5.7% for snowmelt. Rainfall
maintains its prominence as the primary contributor to overall discharge. Intriguingly, in
the SSP58.5 scenario, contributions from all components display a clear rising trend.
Examining the different elements, baseflow averages at 31.69%, ice melt at 15.03%,
rainfall at 48.03%, and snowmelt at 5.2%. Notably, snowmelt appears less impactful, while
ice melt is more prominent than in the SSP24.5 scenario, possibly due to increasing daily

temperatures, whereas rainfall exhibits a noticeable upward trend.

For the MPI-ESM1-2HR in the SSP24.5 scenarios, there is a slight decline in the simulated
total discharge trend, aligning with a diminishing trend in rainfall contribution, while
baseflow remains relatively stable. Contributors include baseflow at 33.47%, ice melt at
12.99%, rainfall at 46.71%, and snowmelt at 6.8%. In SSP58.5 scenarios, no significant
trends are observed in baseflow, rain, or snowmelt. However, ice melt shows a slight
increasing trend, with contributors remaining consistent: baseflow at 31.33%, ice melt at
19.06%, rainfall at 43.74%, and snowmelt at 5.85%. Under the SSP24.5 scenarios, Nor-
ESM2-MM indicates a decrease, aligning with a declining trend in rainfall contribution,
stable baseflow, and a slight increase in snowmelt. Contributors include baseflow at
32.07%, ice melt at 11.83%, rainfall at 50.67%, and snowmelt at 5.4%. In SSP58.5
scenarios, no significant trends are noted in baseflow, rain, snowmelt, or ice melt, with
contributors suggesting baseflow averages at 31.82%, ice melt at 12.58%, rainfall at

49.04%, and snowmelt at 6.54% (Table 4.4 and Figure 4.7).

Table 0.3 Future Discharge trend in two different scenarios (SSP24.5 and SSP 58.5) by
the data provided by three different GCMs

Scenario GCM Discharge Trend
(m’/s)
SSP24.5 EC-Earth3 0.30
SSP58.5 EC-Earth3 3.68
SSP24.5 MPI-ESM1-2-HR -0.19
SSP58.5 MPI-ESM1-2-HR 0.56
SSP24.5 Nor ESM2-MM -0.09
SSP58.5 Nor ESM2-MM 0.19
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Table 0.4 Contribution of different hydrological components for future period i.e. 2050

in two different scenarios from the climatic data given by three different GCMs.

Scenario GCM Rainfall (%) Baseflow Icemelt | Snowmelt
(%) (%) (%)
SSP24.5 EC-Earth3 53.65 31.78 8.85 5.7
SSP58.5 EC-Earth3 48.03 31.69 15.03 5.2
SSP24.5 MPI-ESM1- 46.71 33.47 12.99 6.8
2-HR
SSP58.5 MPI-ESM1- 43.74 31.33 19.006 5.85
2-HR
SSP24.5 Nor ESM2- 50.67 32.07 11.83 5.4
MM
SSP58.5 Nor ESM2- 49.04 31.82 12.58 6.54
MM
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Figure 0.7 (A) Average annual contribution in future discharge under EC-Earth3 GCM
SSP24.5 scenario (2023-2050) (B) Average annual contribution in future discharge under
EC-Earth3 GCM SSP58.5 scenario (2023-2050) (C) Average annual contribution in future
discharge under MPI-ESM1-2-HR GCM SSP24.5 scenario (2023-2050) (D) Average
annual contribution in future discharge under MPI-ESM1-2-HR SSP58.5 scenario (2023-
2050) (E) Average annual contribution in future discharge under Nor ESM2-MM GCM
SSP24.5 scenario (2023-2050) (F) Average annual contribution in future discharge under
Nor ESM2-MM SSP58.5 scenario (2023-2050).

When evaluating (Figure 4.8 and 4.9) the monthly average contribution percentage to total
discharge, the contribution of icemelt significantly rises from low flow to high flow month
i.e. May to June and July under the SSP24.5 and SSP58.5 scenarios by 2050. Notably,
icemelt consistently surpasses snowmelt in its contribution to overall discharge, indicating
a continuous upward trend in ice melting on both an annual and daily basis. This trend is
indicative of potential challenges, given the anticipated increase in temperature leading to
reduced snowfall and greater ice melt, resulting in a decline in glacier coverage. This poses

a significant threat to the Himalayas and its water system in the foreseeable future.
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Figure 0.8 Average Monthly Contribution graph of Snowmelt and Icemelt under SSP24.5
(2023-2050) from the obtained data of EC-Earth3 GCM
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Figure 0.9 Average Monthly Contribution graph of Snowmelt and Icemelt under SSP58.5
(2023-2050) from the obtained data of EC-Earth3 GCM

Figures 4.10 and 4.11 reveal noteworthy insights into the fluctuating patterns of peak
discharge. In the SSP24.5 scenario, peak discharge aligns with the baseline period in
August from 2023 to 2030, yet shifts to July, surpassing previous years' values from 2031

to 2040. From 2041 to 2050, the peak remains similar to earlier years but with elevated
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discharge values. Similarly, in SSP58.5 scenarios, the peak discharge transitions from

August to July with increased values post-2030. The fluctuating peak values underscore

the significant impact of varying components over different time frames, a phenomenon

primarily attributed to climate change.
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Figure 0.10 Monthly average simulated discharge during reference time period 2023-2030,
2031-2040 and 2041-2050 under SSP24.5 from the obtained data of EC-Earth3 GCM.
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Snowmelt, icemelt, rain, and base flow variations according to three GCMs are displayed
in Figure 4.12, here in the monthly average contribution the rain fall dominates the
contribution followed by the base flow throughout the year. Here from the graph we have
comparing the result of three different GCMs the EC-Earth3 GCM shows a bit higher value
of contribution especially from June to September. We also have the Gilgit river basin is
experiencing the highest rate of glacier melting i.e. about 45% (Adnan et al., 2022).
Throughout all General Circulation Model (GCM) forecasts, spanning June to September,
rain consistently emerges as the predominant contributor to stream flow, trailed by base
flow, snowmelt, and ice melt. Beyond October, base flow takes precedence, and ice melt
is prominent between April and October across all three GCMs. In both SSP24.5 and
SSP58.5 scenarios, MPI-ESM1-2HR and Nor ESM2-MM exhibit similar substantial

variations in key hydrological parameters.

However, in the SSP58.5 scenario with EC-Earth3, total discharge surpasses that of
SSP24.5 due to distinctions in contributing components to stream flow ranges. Rainfall
and base flow persist as the primary stream flow sources across all three GCM projections.
Upon comparing our findings with the study conducted on the Koshi river basin by (M.
Khadka et al., 2020), a decline in snowmelt contribution to stream flow is evident. This
aligns with diminishing snow-covered areas and storage capacity attributed to rising
temperatures, resulting in reduced future snowmelt. In the Tamakoshi basin, ice melt
contributions seem to diminish in the RCP 8.5 scenario compared to RCP 4.5 across most
seasons, potentially due to a substantial reduction in glacier area. Our study's ice melt
contribution appears stable, perhaps owing to a delay in considering changes in glacier
area retreat over time, as emphasized in recommendations for future research. The research
indicates a significant reduction in glacier area across all sub-basins, yet anticipates a
noteworthy ice melt contribution in the future, signaling rapid melting that could lead to

the complete disappearance of glaciers (Khadka et al., 2020).
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Figure 0.12 (A) Average monthly contribution of hydrological components on discharge
in SSP24.5 And SSP58.5 scenarios project by GCM EC-Earth3 for the period (2023-2050)
(B) Average monthly contribution of hydrological components on discharge in SSP24.5
And SSP58.5 scenarios project by GCM MPI-ESM1-2HR for the period (2023-2050).
(C) Average monthly contribution of hydrological components on discharge in SSP245
and SSP58.5 scenarios project by GCM Nor ESM2-MM for the period (2023-2050).
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CHAPTER FIVE: CONCLUSION AND RECCOMENDATION

5.1 Conclusion

Glacio-hydrological Degree-day Model (GDM) has successfully applied in the Tamakoshi
River basin and its hydrological regimes is studied. This model accounts for snowmelt, ice
melt, rainfall, and base flow to give important cognizance into hydrological dynamics of
basin. Despite being straightforward, mentioned model successfully simulates discharge
and exhibits respectable accuracy throughout both the calibration and validation phases.
In these stages, the coefficient of determination (R?) maintains a stable value of 0.77 and
0.82, Volume differences 7.8% and 9.5% and the Nash-Sutcliffe Efficiency (NSE) values
for the river basins consistently range from 0.77 to 0.80 for calibration and validation
period respectively. During the calibration period (2004-2009), snowmelt accounts for
12.17% of the total annual discharge, ice melt contributes 3.18% (from both clean ice and
ice under debris), rainfall contributes 46.86%, and base flow makes up 37.57%. Similarly,
in the validation period (2011-2020), snowmelt constitutes 10.77% of the total annual
discharge, ice melt contributes 3.27% (from both clean ice and ice under debris), rainfall
contributes 46.33%, and base flow makes up 38.79%. According to our research, the
contribution of snow and glacier melting to overall stream flow height in the monsoon
season, while winter has negligible flow. Similarly the rain dominates the contribution in
monsoon period which is followed by base flow contribution and the base flow
contribution is throughout the whole year within the calibration and validation period
during the low-flow period in May to June, substantial contributions from icemelt and
snowmelt to stream runoff are evident. This holds true in both calibration and validation
periods, emphasizing the significance of these processes. Looking ahead, the diminishing
snow and ice in the basin may reduce their contributions, leading to a decline in discharge
in the Tamakoshi River basin. Across diverse scenarios, there are distinct variations in
temperature and precipitation trends observed among models. In SSP24.5, temperature
increases vary between models, with EC-Earth3 indicating a subtle upward trend of
0.013°C/year, MPI-ESM1-2HR at 0.028°C/year, and Nor-ESM2-MM at 0.046°C/year.
Conversely, in SSP58.5, EC-Earth3 anticipates a climb at 0.066°C/year, MPI-ESM1-2HR
maintains a rate of 0.019°C/year, and Nor-ESM2-MM displays a 0.058°C/year increase.
These trends have the potential to impact forthcoming contributions from snowmelt and
ice melt. Projections for future water scenarios reveal an uptick in discharge under

SSP58.5 and a reduction under SSP24.5. SSP58.5 projects elevated discharge values (e.g.,
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3.68 m3/s under EC-Earth3), while SSP24.5 anticipates declines (e.g., 0.19 m3/s under
MPI-ESM1-2HR). These shifts likely result from alterations in precipitation and
temperature within the respective scenarios. Within different socio-environmental
pathways (SSP24.5 and SSP58.5), the constituent contributions to discharge exhibit
notable variations. In SSP24.5, baseflow ranges from 31.78% to 33.47%, icemelt from
8.85% to 12.99%, rainfall from 46.71% to 53.65%, and snowmelt from 5.4% to 6.8%.
SSP58.5 reveals subtle changes in baseflow, an increase in icemelt (11.83% to 19.006%),
stable rainfall (43.74% to 49.04%), and snowmelt proportions (5.2% to 6.54%). The
monthly average contribution of icemelt significantly rises from low-flow to high-flow
months under the SSP24.5 and SSP58.5 scenarios by 2050, consistently surpassing
snowmelt in overall discharge. This upward trend poses challenges due to the anticipated
temperature increase, leading to reduced snowfall, increased ice melt, and a decline in
glacier coverage, threatening the Himalayas and its water system. Additionally, the
shifting peak discharge patterns observed in SSP24.5 and SSP58.5 scenarios highlight the
significant impact of changing components over different time frames, primarily
influenced by climate change. These findings underscore potential alterations in resource

availability and distribution across distinct future socio-environmental pathways.

In conclusion, the Glacio hydrological Degree-day Model (GDM) emerges as a promising
tool for comprehending hydrological system dynamics and evaluating the impacts of

climate change on Himalayan river basins.

5.2 Recommendation

1. Combining the Glacier Dynamic Model (GDM) with the Open Global Glacier
Model (OGGM) improves accuracy through the incorporation of OGGM data,
offering detailed information on annual glacier retreat rates and variations in clean
and debris-covered ice within the basin.

2. Performing an Isotope test is a valuable method to examine the contributions of
rain, snowmelt, ice melt, and baseflow to the stream flow in the basin.

3. To comprehensively grasp and predict climate change impacts in the Himalayan
region, particularly on downstream water availability, essential research should

extend to multiple basins across the northern and southern slopes too.
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Paper 1D: E1-4

Application of Glacio Hydrological Model for the Simulation of
Stream Flow in Glacierized Tamakoshi River Basin, Nepal

Nabin Chaulagain *, Rijan Bhakta Kayastha ®, Khem Narayan Poudyal °

Abstract:

The glaciers and snow-covered areas has been highly influential in the hydrology of the
glacierized basin. Long-term water management will become more difficult as a result of
climate change, which is anticipated to alter the water availability. Here we have set up Glacio
hydrological Degree-day Model Version 2 (GDM V.2) as a hydrological model to simulate the
discharge in Tamkoshi River basin (TRB) and quantified various runoff components. The
model is first calibrated and validated for the period of 2004-2009 and 2011-2020 respectively
where Nash-Sutcliffe Efficiency (NSE) is 0.77 and 0.80 for calibration and validation period.
The monsoonal rain was anticipated to influence stream flow changes the most (46.86%),
followed by base flow (37.57%), snow melt (12.17%), and glacier melt (3.18%) form the
year 2004-2009 and rain (46.33%), followed by base flow (38.79%), glacier melt (3.27%), and
snowmelt (10.77%) from 2011-2020 according to the model. We think the model can perform
as an effective tool for research into the dynamics of hydrological systems and prospective
effects of climate change on the Himalayan river basins.
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Climate change, Degree day factor, Hydrological modelling, Glacio hydrological degree-day
model, Tamakoshi River Basin
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