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ABSTRACT

High-altitude, snow-fed river basins in the Himalayas are exceptionally sensitive to
climate variability, posing challenges for long-term water resource planning and
hydropower sustainability. This study assesses the potential impacts of climate
change on streamflow dynamics in the Chilime River Basin, Nepal, by coupling bias-
corrected projections from thirteen CMIP6 Global Climate Models (GCMs) with the
process-based Soil and Water Assessment Tool Plus (SWAT"). Simulations were
conducted under two Shared Socioeconomic Pathways—SSP2-4.5 and SSP5-8.5—for
mid-century (2025-2050) and end-century (2051-2100) periods.

Bias correction was implemented using Quantile Mapping for precipitation and
Linear Scaling with lapse rate adjustments for temperature, enhancing the spatial
fidelity of climate inputs in the basin’s complex terrain. The SWAT* model, configured
with snowmelt routines and elevation-sensitive parameters, demonstrated good
agreement with observed streamflow patterns during calibration and validation,

effectively capturing seasonal flow variability and monsoon peaks.

Future climate projections indicate pronounced warming and intensified
precipitation, resulting in substantial hydrological shifts. Under SSP2-4.5, monsoon
season streamflow is projected to increase by approximately 8-12%, while SSP5-8.5
yields higher increases exceeding 20-25% by the end of the century. Winter
baseflows also exhibit moderate improvements, driven by earlier snowmelt and
increased cold-season rainfall. These findings point to heightened risks of late-

monsoon flooding and persistent concerns over dry-season water availability.

The study underscores the vulnerability of snow-dependent Himalayan catchments
to climatic perturbations and affirms the utility of integrating ensemble climate
projections with physically-based hydrological modeling. The results provide critical
insights to support climate-resilient hydropower planning, seasonal water allocation,

and adaptive watershed governance in the context of a rapidly changing cryosphere.
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CHAPTER I INTRODUCTION

1.1 Background

Climate change poses one of the most significant environmental and socio-economic
threats of the 21st century. The IPCC (2021) reports that global mean temperatures
have already risen by approximately 1.1°C compared to pre-industrial levels.
Projections under various greenhouse gas emission scenarios suggest this increase
could reach between 1.5°C and 4.4°C by the end of the century. Such warming is
intensifying the hydrological cycle, resulting in altered precipitation regimes,
accelerated glacier melt, and modified streamflow dynamics, particularly in high-

altitude regions such as the Himalayas (Barnett et al., 2005; Immerzeel et al,, 2020).

The Himalayas, often referred to as the "water towers of Asia," supply freshwater to
over a billion people downstream. In this region, snowmelt, glacier retreat, and
monsoon rainfall are key contributors to river flow. Studies by Immerzeel et al. (2020)
and Sharma et al. (2019) have emphasized the complex interplay between
precipitation, glacier melt, and groundwater, all of which are highly sensitive to
climate change. Warming temperatures in the Hindu Kush Himalaya (HKH) region,
which are rising faster than the global average, are leading to changes in flow timing,
seasonal water availability, and increased risks of hydrological extremes by Mukherji

etal. (2019).

In Nepal, hydrological studies reveal significant changes in streamflow trends linked
to climate variability. Mishra et al. (2018) found that the Bheri River Basin exhibits
increasing maximum and minimum temperatures at rates of 0.025°C/year and
0.033°C/year respectively under moderate emission scenarios, rising to 0.065°C/year
and 0.071°C/year under high-emission scenarios. Similarly, Bajracharya et al. (2018)
and Dahal et al. (2020) noted that reduced snowfall, glacier retreat, and variability in
rainfall are already impacting river discharge patterns in high-altitude Himalayan

basins.

MSC THESIS/KABITA BHATTARAI/2025 1



The Chilime River Basin, a snow-fed and monsoon-driven sub-basin of the Trishuli
River located in Nepal’s Rasuwa District, is a critical site for hydropower generation,
agriculture, and local water supply. However, the region is increasingly vulnerable to
climate-induced hydrological shifts. Nepal et al. (2017) emphasized the importance of
hydrological modeling to understand these shifts, while Bajracharya et al. (2017)
highlighted the role of snowmelt and glacier contributions in maintaining dry-season

flows.

Given the socio-economic importance of the Chilime River Basin, especially for
projects like the Chilime Hydropower Plant, it is imperative to assess the projected
changes in streamflow under future climate scenarios. Understanding future
streamflow responses under different climate change scenarios is essential to ensure
climate-resilient planning in such snow-fed Himalayan basins, integrated with
Regional Climate Models (RCMs) and the SWAT+ hydrological model. This approach
aims to offer robust forecasts of streamflow variability under climate change and
provide policy-relevant insights for water resource planning and hydropower
development in Nepal.
However, localized streamflow studies that incorporate snow-influenced hydrological
regimes and high-resolution climate projections remain limited in high-altitude basins

like Chilime, especially in high-altitude basins like Chilime.
1.2 Problem Statement

Building on the broader understanding of climate-driven hydrological changes in the
Himalayan region, the Chilime River Basin presents a localized case of particular
concern. Located in the northern highlands of Nepal, this snow-fed watershed plays a
crucial role in regional hydropower development and local water security. Its
hydrological regime is shaped by complex interactions between snowmelt, rainfall,
and seasonal runoff, making it highly sensitive to climatic variations. Recent studies
highlight that smaller headwater basins like Chilime are particularly vulnerable to the
compounded effects of warming temperatures and shifting precipitation patterns,
which disrupt traditional hydrological timing and magnitude (Shrestha et al.,, 2015;
Prajapati et al., 2023).

MSC THESIS/KABITA BHATTARAI/2025 2



Despite growing regional assessments, localized hydrological modeling in the
Himalayan region remains limited, especially in the context of the latest climate
change scenarios. Streamflow projections under CMIP6 remain largely unexplored in
small, snow-dominated basins in Nepal, posing a significant gap for adaptive water
planning. Recent advancements in hydrological modeling such as the integration of
SWAT+ with high-resolution climate models offer a promising avenue to simulate

climate impacts under varying emission trajectories (Subedi et al., 2024).

Snowmelt-driven catchments like Chilime face additional uncertainties due to rising
evapotranspiration rates, reduced snow cover duration, and earlier onset of
meltwater runoff (Li et al,, 2021; Sharma et al., 2024). These conditions threaten both
water availability and hydropower reliability during dry seasons. Chanda etal. (2024)
further emphasize the need for predictive modeling approaches that can incorporate

climate uncertainty, particularly in high-altitude basins where field data is scarce.

In Nepal, the lack of basin-specific, CMIP6-based streamflow studies limits the
decision-making capacity of water managers and hydropower operators. By filling this
research gap, the present study applies a bias-corrected CMIP6 dataset within the
SWAT+ modeling framework to forecast streamflow changes in the Chilime River
Basin under SSP2-4.5 and SSP5-8.5 scenarios. The findings aim to provide critical
insights for climate-resilient infrastructure development and adaptive water

governance in snow-fed Himalayan basins.
1.3 Research Questions

e How are temperature and precipitation projected to change in the Chilime

River Basin under future climate scenarios SSP2-4.5 and SSP5-8.5?

e What will be the impact of projected climate change on streamflow in the

Chilime River Basin under different emission scenarios?

e How effectively does the SWAT+ model, when integrated with CMIP6 climate

data, simulate future streamflow patterns in the snow-fed Chilime River Basin?
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1.4 Objectives
1.4.1 General Objective

To assess the impacts of climate change on streamflow patterns in the Chilime River
Basin under different Shared Socioeconomic Pathways (SSP2-4.5 and SSP5-8.5) for the
periods 2025-2050 and 2051-2100, in order to provide insights for sustainable water

resource management and climate adaptation strategies in the basin.
1.4.2 Specific Objectives

1. To analyse projected trends in temperature and precipitation in the Chilime

River Basin under SSP2-4.5 and SSP5-8.5 scenarios.

2. To assessthe performance of the SWAT+ model in simulating streamflow in the

Chilime River Basin when driven by CMIP6-based climate inputs.

3. To evaluate the impacts of future climate conditions on streamflow dynamics

in the basin using bias-corrected CMIP6 climate data.
1.5 Need of the Study

The Chilime River Basin, a snow-fed sub-catchment of the Trishuli River in northern
Nepal, plays a vital role in hydropower generation and local water supply. As climate
change accelerates, high-altitude basins such as Chilime face increasing risks due to
altered precipitation regimes, reduced snow cover, and changing seasonal runoff
patterns. These shifts pose a direct threat to dry-season water availability and the

long-term reliability of hydropower systems.

While several regional studies have examined hydrological responses to climate
change, basin-specific assessments remain limited—particularly those using the latest
generation of climate projections. Most prior research has relied on earlier emission
scenarios and coarser models that do not adequately capture the topographic

complexity and climatic sensitivity of mountain catchments.

The application of a process-based hydrological model, driven by downscaled and
bias-corrected CMIP6 climate projections, provides an opportunity to generate

improved forecasts of streamflow variability at the basin scale. This is especially
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important for guiding climate-resilient infrastructure planning, optimising
hydropower operations, and supporting adaptive water governance. The present
study addresses a critical research gap by providing localised, scenario-based insights
into the future water availability of a snow-influenced Himalayan basin under

changing climate conditions.
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CHAPTER Il LITERATURE REVIEW

2.1 Global Climate Change and Water Resources

Climate change has emerged as one of the most critical drivers of hydrological
transformation across the globe. According to the Intergovernmental Panel on Climate
Change (IPCC, 2021), global surface temperatures have risen by approximately 1.1°C
above pre-industrial levels, triggering alterations in precipitation regimes, intensified
evapotranspiration, and modified runoff dynamics. These changes are expected to
escalate further, leading to significant regional disparities in water availability

(Huntington, 2006).

The intensification of the global hydrological cycle is projected to result in more
extreme precipitation events in certain regions, while others may experience
prolonged droughts and reduced groundwater recharge (Bates et al., 2008). Such
climatic extremes pose considerable challenges for developing nations, where
agriculture, hydropower, and local livelihoods are particularly vulnerable to
fluctuations in water supply. In snow-dominated basins, the impacts are especially
pronounced, manifesting in reduced snowpack, earlier onset of snowmelt, and shifting

seasonal flow patterns (Singh & Bengtsson, 2005; Li etal., 2021).

2.2 Hydrological Impacts in Mountainous Regions

«“

Mountainous catchments, often termed the “water towers of the world,” are
particularly susceptible to climate-induced changes in hydrological processes. The
Himalayan region has experienced a rate of warming nearly twice the global average,
resulting in profound alterations in glacier dynamics, snow cover extent, and the
timing of streamflow (Immerzeel et al., 2010; Kraaijenbrink et al., 2017). These
transformations pose serious risks to downstream water availability and energy

production.

Studies have shown that snowmelt- and glacier-fed systems exhibit distinct responses
to climatic stressors. Snowmelt volumes may decrease due to diminished snowfall and
reduced accumulation, while glacier melt may initially rise before eventually declining

as ice reserves deplete (Singh & Bengtsson, 2005). In the context of Nepal, such
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variability has a direct impact on dry-season flows, which are essential for sustaining
agricultural productivity and ensuring hydropower reliability (Miller et al., 2012;
Viviroli etal., 2011).

2.3 Climate Scenarios and the CMIP6 Framework

Future climate assessments are primarily based on projections generated by General
Circulation Models (GCMs), which are standardised under initiatives such as the
Coupled Model Intercomparison Project (CMIP). The sixth phase, CMIP6, introduces
Shared Socioeconomic Pathways (SSPs) that integrate greenhouse gas emission
trajectories with socio-economic development narratives (O'Neill etal., 2016). Among
these, SSP2-4.5 (a stabilisation scenario) and SSP5-8.5 (a high-emission scenario) are

particularly pertinent for climate-vulnerable regions such as South Asia.

CMIP6 offers enhanced spatial resolution and improved representations of land-
atmosphere interactions relative to its predecessor, CMIP5 (Eyring et al., 2016). Its
application in hydrological modelling has become increasingly widespread, with
several studies reporting improved simulations of precipitation and streamflow in
monsoon-dominated regions (Zheng etal., 2018; Chanda et al., 2024). Nonetheless, the
utilisation of CMIP6 outputs in small, snow-fed catchments in Nepal remains limited,

highlighting a significant research gap in local-scale climate impact assessment.
2.4 Hydrological Modeling Approaches (e.g.,, SWAT+)

Physically based hydrological models are essential tools for simulating watershed
processes and evaluating the impacts of climate change on water resources. Among
them, the Soil and Water Assessment Tool (SWAT) and its advanced version, SWAT",
have gained widespread application in both research and practical planning due to
their capacity for long-term, process-oriented simulations (Arnold et al., 1998; Bieger

etal,, 2017).

SWAT" includes a temperature-index snowmelt module, which is particularly useful
for snow-fed basins such as those in the Himalayas, where meltwater significantly
contributes to dry-season flows (Singh & Bengtsson, 2005). It enhances model

flexibility through improved landscape discretisation, spatial connectivity, and
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modular design. It facilitates integration with future climate projections (e.g., CMIP6),
land use dynamics, and snow-influenced hydrological regimes, making it particularly
suitable for data-scarce and topographically complex catchments such as those found
in the Himalayan region (Mamoon et al., 2024; Mohseni et al.,, 2023). Given the
pronounced topographic variation in Himalayan basins, the application of elevation-
adjusted temperature inputs, typically via lapse rate correction, has been shown to
improve the representation of snowmelt-driven seasonal flows. Research conducted
in Nepal and northern India has demonstrated that, when calibrated using multi-GCM
ensemble inputs, SWAT is capable of simulating seasonal streamflow with high

reliability (Shukla et al., 2021; Lamichhane et al., 2024).
2.5 Studies in Nepal and the Chilime Basin

A number of studies conducted in Nepal have employed SWAT and comparable
hydrological models to simulate streamflow under projected climate scenarios. For
example, Panthi et al. (2018), Shrestha et al. (2015), and Budhathoki et al. (2025)
applied Representative Concentration Pathways (RCPs) and Shared Socioeconomic
Pathways (SSPs) to assess hydrological responses in the Bheri, Tamor, and Bagmati
basins. However, many of these studies relied on earlier CMIP5 datasets or omitted
explicit treatment of snow processes, which can compromise simulation accuracy in

snow-fed catchments.

The Chilime River Basin, a snow-fed sub-catchment of the Trishuli River located in
Nepal’s Rasuwa District, remains underrepresented in the hydrological modelling
literature. Despite its significance for hydropower generation, few studies have
examined how changing precipitation patterns and snowmelt dynamics under CMIP6
scenarios may influence future streamflow. Nepal et al. (2014) underscored the
importance of hydrological modelling in upstream basins, yet the role of snow

processes was not comprehensively integrated.

More recent research has demonstrated the potential of combining SWAT+ with
remote sensing-derived snow data to enhance streamflow simulation in snow-

dominated environments (Li et al., 2021; Khajuria et al., 2022). Within this context,
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applying a modelling framework that incorporates snow-sensitive processes
alongside bias-corrected CMIP6 projections in the Chilime Basin can help address a

critical gap in both scientific understanding and climate-resilient water planning.
2.6 Research Gap

Despite growing efforts in hydrological modelling across Nepal and the broader
Himalayan region, several critical gaps persist. Firstly, small snow-fed catchments
such as the Chilime Basin have received relatively limited scientific attention—
particularly in the context of recent climate scenarios developed under the CMIP6
framework. Secondly, although models such as SWAT+ are increasingly applied, the
representation of snow dynamics remains either oversimplified or entirely omitted,

often resulting in the underestimation of snowmelt contributions during dry seasons.

Thirdly, there is a noticeable paucity of studies that combine bias-corrected CMIP6
climate data with snow-sensitive hydrological modelling frameworks in a way that can
inform decision-making related to water infrastructure development and climate
adaptation. Additionally, few basin-scale assessments have evaluated future

streamflow by explicitly incorporating the influence of snowmelt processes.

This study aims to address these research gaps by applying a SWAT+ modelling
approach that accounts for snow-influenced hydrology and is driven by bias-corrected
CMIP6 projections. By doing so, it seeks to simulate future streamflow conditions with
greater realism, support hydropower optimisation, and contribute to climate-resilient

water resource planning in high-altitude regions of Nepal.
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CHAPTER III DATA AND METHODOLOGY

This chapter outlines the methodological framework adopted to assess the impacts of
climate change on streamflow in the Chilime River Basin. The research design is
structured around three specific objectives. First, projected climate trends were
analyzed using ensemble outputs from thirteen CMIP6 Global Climate Models (GCMs)
under SSP2-4.5 and SSP5-8.5, with bias correction techniques applied to improve data
reliability. Second, the SWAT* hydrological model was calibrated and validated using
scaled streamflow data from the Trishuli River to evaluate its performance in
simulating observed flow. Finally, bias-corrected climate projections were used to
drive the calibrated SWAT* model for simulating future streamflow patterns up to
2100. The overall methodological framework is illustrated in Figure 3.1, and a
coordination schema linking the research problem, objectives, methods, and outputs

is presented in Table 3.1.
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Figure 3.1: Methodological Framework of the Study
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Table 3.1 Coordination Schema Table

Problem Specific Method Data/Tool Expected

Statement Objective Applied Used Output

Component
Limited Objective 1: GCM CMIP6 Projected
understanding of | Analyze selection, GCMs, temperature
future climate temperature bias Python, and rainfall
trends in high- and correction, QGIS, Excel (2025-2100)
altitude basins precipitation ensemble

trends under averaging
CMIP6

Need to validate | Objective 2: SWAT* SWAT", Calibrated
streamflow Evaluate calibration | SWAT-CUP, | hydrological
simulation for SWAT* model and Trishuli model with
Himalayan sub- performance validation streamflow NSE, R?, PBIAS
basins using SUFI-2 | data
Uncertainty in Objective 3: Climate Bias- Future
future Simulate forcing in corrected streamflow
streamflow streamflow SWAT" with | climate data, | trends under
under SSP using CMIP6 corrected SWAT+ SSP2-4.5 and
scenarios scenarios ensemble SSP5-8.5

3.1 Study Area

3.1.1 Spatial Characteristics

The Chilime River Basin is situated in the northern highlands of Nepal, within the
administrative boundary of Rasuwa District. It forms a snow-fed sub-catchment of the
Trishuli River system and lies approximately between 28°10'N to 28°20'N latitude and
85°10'E to 85°30'E longitude. The basin encompasses a total area of approximately
277 km? and features pronounced altitudinal gradients, ranging from about 1,400 m
to over 7,400 m above sea level. These topographic variations, coupled with its
location in the Himalayan foothills, subject the basin to a unique hydrometeorological
regime characterized by orographic precipitation, snow accumulation in winter, and
glacial melt during the dry season. The basin’s headwaters extend into the Ganesh
Himal and transboundary Tibetan Plateau, making it strategically significant for trans-

Himalayan hydrology. Furthermore, the Chilime River supports major infrastructure
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projects such as the Chilime and Sanjen Hydropower Plants, underscoring its

importance in Nepal’s renewable energy landscape.

As illustrated in Figure 3.2, the spatial context of the Chilime Basin within the broader
geographic setting of Nepal highlights its location in relation to major river systems,
elevation gradients, and administrative boundaries. This geospatial overview forms

the foundation for all subsequent spatial and hydrological analysis.

85°2410"

8520"0" 8573007

85°0'0"  85°30°0"

85012!'}" 85024?0"

Figure 3.2: Land Use and Location Map of the Chilime River Basin, Nepal
This map shows the spatial distribution of land use and land cover within the Chilime
River Basin (main panel) and its geographic location within Rasuwa District and the

national boundary of Nepal.
3.1.2 Temporal Scope

To assess hydrological changes across varying climate futures, two projection

windows are considered: the near future (2025-2050) and the far future (2051-
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2100). These periods correspond to [PCC-endorsed timelines and enable comparative

analysis under moderate and extreme emission pathways.

3.2 Data Sources and Collection

Table 3.2- Data Collection and Source of Data

S.N | Data type Specific Parameter Time period | Source
1 Climate Data | Precipitation, 1990-2020 DHM, Nepal
(Observed) temperature (max, | (historical)
min.)
2 Climate Data | Precipitation, 2021-2050, | CMIP6 GCMs (13)
(Projected) temperature (max, | 2051-2100
min.)
3 Hydrological Streamflow (daily or | 2000-2020 Trishuli (Betrawati station)
Data monthly) from DHM
4 Topographical | Digital Elevation | Static SRTM 30m DEM from USGS
Data Model (DEM) Earth Explorer; Processed in
QGIS for delineation
5 Land use and | Land cover | 2021, Recent | - ICIMOD LULC data,
Land cover | classification, available
Data vegetation types
6 Soil Data Soil texture, type, | Static Soil Grids (GEE) and DSOL,
infiltration capacity processed using lookup table
7 Snow Modeled using SWAT+ | 2000-2100 | Not direct input; derived
Consideration | built-in snowmelt (implicit in from temperature-based melt
module climate within SWAT+
data)
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Table 3.2 presents the datasets used in this study, which include historical and
projected climate data, hydrological observations, topographic information, land
use/land cover classification, and soil parameters. Climate data for 1990-2020 were
obtained from DHM, while future projections under SSP2-4.5 and SSP5-8.5 were
extracted from a 13-member CMIP6 ensemble. Hydrological data from the Trishuli
River (Betrawati station) supported streamflow estimation and calibration. Spatial

data, including DEM and LULC, were processed in QGIS and restructured for SWAT".

Grassland
Bare rock
Bare soil
Cropland

Built-up area

- Riverbed

I il

Snow and glacier

I Water body

Figure 3.3: Land Use and Land Cover (LULC) Map of the Chilime River Basin (2021)
The LULC dataset from ICIMOD was processed in QGIS and reclassified into SWAT"-

compatible categories. The map illustrates major land cover types such as forest,
snow/glacier, grassland, and barren land, which influence hydrological processes in

the basin.

Soil characteristics were derived from global and national sources, harmonized into a
lookup table for model input. Snowmelt processes were represented internally within

SWAT" using a temperature-index method and elevation-adjusted inputs.
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3.3 Climate Scenario Bias Correction

Raw outputs from Global Climate Models (GCMs) are essential for projecting future
climate scenarios. However, due to their coarse spatial resolution and inherent biases,
direct application of GCM data in hydrological modelling often results in inaccuracies,
particularly in complex terrains such as the Himalayan region. Therefore, bias
correction and elevation adjustment are critical preprocessing steps to align GCM

outputs with observed local climate conditions.

This study utilised daily climate projections from thirteen GCMs under the Coupled
Model Intercomparison Project Phase 6 (CMIP6), including models such as BCC-CSM2-
MR, CNRM-CM6-1, MRI-ESM2-0, and others. These were selected based on
performance across South Asia and the availability of required variables. Two climate
scenarios were assessed: SSP2-4.5 (moderate emissions) and SSP5-8.5 (high

emissions), across two future periods: 2025-2050 and 2051-2100.

Bias correction was applied using Quantile Mapping for precipitation and Linear
Scaling for temperature. Observed daily climate data for the baseline period (1990-
2020) from stations within and near the Chilime River Basin—such as Dhunche and
Thamachit—served as reference. In addition, temperature data were adjusted for
elevation using a lapse rate of 6.5°C per 1,000 metres, aligning GCM grid data with the

actual altitude distribution of the Chilime Basin.

Following bias correction and elevation adjustment, a multi-model ensemble mean
was generated by averaging the corrected outputs from all 13 GCMs. This ensemble
approach accounts for inter-model variability and provides a robust central projection
for climate trends. Climate indicators were analysed for three time slices: historical

(2000-2020), near future (2025-2050), and far future (2051-2100).

These ensemble-corrected temperature and precipitation datasets were subsequently
used as climate inputs for SWAT" to simulate future streamflow responses under both
emission scenarios. The bias correction process ensured temporal consistency and

spatial relevance of future climate data to the Chilime Basin’s high-altitude setting.
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3.4 SWAT+ Model Setup and Configuration

The SWAT" (Soil and Water Assessment Tool Plus) model was employed to simulate
hydrological processes in the Trishuli River Basin, with a specific focus on extracting
discharge from the Chilime sub-basin. Watershed delineation was carried out using a
30-meter resolution Digital Elevation Model (DEM) obtained from the United States
Geological Survey (USGS). The model setup incorporated spatial inputs such as land

use, soil type, slope, and climate variables specific to the region.

Figure 3.4 presents the delineated Trishuli watershed along with its subbasins. The
Chilime River Basin is highlighted as Subbasin 4, located in the northwestern part of
the larger watershed. As part of the SWAT" configuration, the Trishuli watershed was
divided into seven subbasins, 69 Landscape Units (LSUs), and 1,018 Hydrological
Response Units (HRUs), reflecting its topographic complexity and land use
heterogeneity (see Table 3.3).
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Figure 3.4: Delineated Trishuli Watershed with Subbasin Boundaries and Chilime
Highlighted

Table 3.3: SWAT" Configuration Parameters for Trishuli Watershed

Watershed Area HRUs LSUs Subbasins
463,265.05 ha 1,018 69 7

Following successful delineation and model setup of the Trishuli Basin, the Chilime
River Basin was extracted as a sub-catchment to serve as the focal unit for climate-
driven streamflow simulation. The Chilime Basin, modeled as a single subbasin,

comprises 11 LSUs and 111 HRUs, spanning a total area of 27,834.21 hectares.
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Figure 3.5 illustrates the watershed delineation and internal hydrological network of
the Chilime sub-basin, including inlets, stream reaches, and outlet points, as generated
by QSWAT+. This configuration was used to extract sub-basin-specific flow after

model calibration.

Figure 3.5: Watershed Delineation and Hydrological Response Unit (HRU) Setup of
the Chilime River Basin Using QSWAT+

Table 3.4: SWAT" Configuration Parameters for Chilime Sub-Basin

Watershed Area HRUs LSUs Subbasins
27,834.21 ha 111 1 1

This two-tier modeling approach—calibrating the entire Trishuli Basin and extracting

simulated flows for the nested Chilime sub-basin—ensured spatial consistency in
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runoff generation and preserved the physical realism of the streamflow outputs for

climate impact assessment.
3.5 Snowmelt Representation

The Chilime River Basin is a snow-fed catchment where snow accumulation and melt
significantly influence seasonal streamflow, particularly during the pre-monsoon and
dry-season periods. Although direct remote sensing-based snow modelling was not
implemented in this study, snow dynamics were accounted for through the elevation-
adjusted temperature input and the use of SWAT"’s built-in snowmelt simulation

routine.

SWAT" employs a temperature-index (degree-day) approach to simulate snow
accumulation and melt processes. This method estimates snowmelt as a function of air
temperature exceeding a defined threshold, using calibrated melt coefficients. In this
study, temperature data were corrected for elevation using a lapse rate of 6.5°C per
1,000 metres, enabling improved realism of thermal conditions across the basin’s

steep altitudinal gradients.

The model uses key snow-related parameters such as:SMFMX: Maximum melt rate on
21 June (mm H,0/°C/day), SMFMN: Minimum melt rate on 21 December, SFTMP:

Snowfall temperature threshold (°C), TIMP: Snowpack temperature lag factor.

These parameters were adjusted based on values from the literature and model
calibration efforts. Although no external snow cover datasets (e.g, MODIS) were
assimilated, seasonal flow validation helped confirm the suitability of these

parameters in capturing the basin’s melt-dominated hydrology.

By integrating lapse rate-corrected temperature inputs with the SWAT* temperature-
index snow routine, the model was able to simulate the essential snowmelt-driven
runoff regime typical of high-altitude Himalayan catchments. This integration ensures
that streamflow projections under future climate scenarios adequately reflect the

seasonal influence of snow accumulation and melt.
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3.6 Model Calibration and Validation

The SWAT* model was calibrated and validated to simulate streamflow dynamics in
the Trishuli River Basin, focusing on extracting discharge from the Chilime sub-basin.
Due to the absence of direct gauging at the Chilime outlet, observed streamflow data
from the Betrawati Station on the Trishuli River—provided by the Department of
Hydrology and Meteorology (DHM)—was used as a proxy for model calibration and

validation.

3.6.1 Calibration and Validation Periods

The modeling period was divided as follows:
e C(alibration period: 2007-2016
e Validation period: 2017-2019

These periods were selected to capture interannual variability, including both
monsoon peaks and dry-season baseflow, thus ensuring the model’s robustness across

seasonal regimes.
3.6.2 Calibration Procedure and Parameter Selection

Calibration was performed using the SWAT* Toolbox, which provides integrated
support for sensitivity analysis, parameter optimization, and performance evaluation.
A total of 15-20 hydrological parameters were selected based on their influence on
surface runoff, baseflow, evapotranspiration, and snowmelt processes shown in
Appendix II. Parameter ranges were defined using expert judgment, previous

literature, and trial-based refinement.

Key parameters adjusted during calibration included:
e (N2 - Curve number for surface runoff estimation
e ALPHA BF - Baseflow recession constant
e GW_DELAY - Groundwater delay time

e ESCO - Soil evaporation compensation factor
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e SOL_K - Saturated hydraulic conductivity of soil layers
e SFTMP, SMFMX, SMFMN, TIMP - Snowmelt-related parameters

e GWQMN, REVAPMN, RCHRG_DP - Groundwater threshold and percolation

controls
3.6.3 Performance Evaluation Metrics

Model performance was assessed at both monthly and seasonal time scales using the

following statistical indicators:

e Nash-Sutcliffe Efficiency (NSE)

e Coefficient of Determination (R%)
e Percent Bias (PBIAS)

e Root Mean Square Error (RMSE)
e Mean Squared Error (MSE)

e Kling-Gupta Efficiency (KGE)

These metrics were used to compare observed and simulated streamflow and evaluate

model efficiency across both calibration and validation periods.
3.7 Climate Scenario Streamflow Simulation

Building upon the calibrated model and corrected climate projections, streamflow
simulations were carried out for future climate scenarios using ensemble-corrected
GCM inputs. Following successful calibration and validation of the SWAT* model,
future streamflow in the Chilime River Basin was simulated using bias-corrected
climate projections from thirteen CMIP6 Global Climate Models (GCMs). These models
were selected for their spatial relevance to South Asia and availability of daily

temperature and precipitation variables. Two emission scenarios were applied:

e SSP2-4.5: A stabilization pathway representing moderate greenhouse gas

emissions

e SSP5-8.5: A high-emission trajectory reflecting intensive fossil fuel use
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To address model bias and topographic resolution, all GCM outputs were corrected
using Quantile Mapping for precipitation and Linear Scaling with lapse rate
adjustment for temperature. The corrected climate data were then aggregated using
the multi-model ensemble mean approach, which provides a robust average

projection and reduces inter-model uncertainty.

Future simulations were conducted for two projection periods:
e Mid-century: 2025-2050
e Late-century: 2051-2100

These periods allow for comparison across short- and long-term climate horizons. The
model was driven using ensemble-corrected daily climate inputs, and streamflow

outputs were generated for each sub-basin on a daily timestep.

Streamflow outputs were analysed at monthly, seasonal, and annual scales, with a
particular focus on pre-monsoon and dry-season flows, which are critical for
hydropower generation and water security in snow-fed catchments. The analysis

included:

e Percent change comparisons between historical (2000-2020) and future

periods
e Hydrographs and seasonal distribution plots
e Evaluation of extreme flow events

These simulations provide essential insights into the temporal distribution of
streamflow under future climate scenarios and help identify potential risks to water

availability in the Chilime Basin.
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CHAPTER IV RESULTS AND DISCUSSIONS

This chapter presents the key results derived from climate analysis, hydrological
modeling, and future streamflow simulation in the Chilime River Basin. The findings
are structured to directly address the three specific research objectives: (1) analyzing
future climate trends under CMIP6 scenarios; (2) assessing the performance of the
SWAT" model; and (3) evaluating projected streamflow dynamics under changing
climate conditions. Each section presents relevant figures and tables, describes
observed trends, interprets their implications, and discusses them in relation to

existing literature and the context of Himalayan basins.

4.1 Historical Climate and Streamflow Trends
4.1.1 Observed Temperature Trends (2000-2020)

The historical temperature trends in the Chilime River Basin between 2000 and 2020
were analysed using monthly maximum and minimum temperature records. As shown
in Figure 4.1, the maximum temperature exhibits clear seasonal fluctuations with peak
values typically occurring during the pre-monsoon and summer months. A few
anomalies, including unusually high temperatures above 30 °C, were observed in years

such as 2007 and 2010, indicating potential short-term heat events.
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Figure 4.1: Monthly Maximum Temperature Trend in the Chilime River Basin (2000-
2020)

Similarly, Figure 4.2 illustrates the trend in minimum temperatures over the same
period. Minimum temperatures generally ranged between 0 °C and 15 °C, with colder
months approaching or falling below freezing. The temporal pattern of minimum

temperature indicates a gradual warming tendency, particularly during winter

months.
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Figure 4.2: Monthly Minimum Temperature Trend in the Chilime River Basin (2000-
2020)

These findings suggest a potential rise in the diurnal temperature range and may

reflect the impacts of regional climate change in the high-altitude basin.
4.1.2 Observed Precipitation Trends (2000-2020)

Monthly total precipitation data for the Chilime Basin (Figure 4.3) show a pronounced
monsoonal pattern, with rainfall peaks occurring between June and September.
Interannual variability is evident, with extreme rainfall events observed in years such
as 2012 and 2015, exceeding 700 mm in a single month. Conversely, some years

experienced lower monsoon precipitation, contributing to seasonal water stress.

800
700
600 M

W B W
o o <o
o o O

Rainfall (mm)

" VWLl

2000 2004 2008 2012 2016 2020
Time (Year)

Figure 4.3: Monthly Precipitation Trend in the Chilime River Basin (2000-2020)

Despite fluctuations, no clear long-term increasing or decreasing trend is visible over
the 21-year period. However, the observed distribution confirms a strong dependency
of annual water availability on monsoon intensity and timing. This highlights the
basin’s vulnerability to shifts in monsoonal dynamics and the need to incorporate

climate variability in streamflow projections and water resource planning.
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4.1.3 Estimated Streamflow Patterns (2006-2020)

In the absence of continuous observed streamflow records at the Chilime River outlet,
the entire Trishuli River Basin was delineated and modeled using SWAT+ to estimate
flows for the Chilime sub-basin. The SWAT+ model setup encompassed all major
tributaries of the Trishuli, including the Chilime River Basin as one of the upstream
sub-catchments. Model calibration and validation were conducted using observed
streamflow data from the Trishuli River at Betrawati Station (provided by the
Department of Hydrology and Meteorology, DHM). Betrawati Station captures the
cumulative runoff from about 81% of the Trishuli Basin, effectively including
contributions from the Chilime catchment. Because the Chilime Basin is located
upstream of this gauging station, calibrating the model against Betrawati’s
observations ensures that the upstream hydrology (including Chilime’s) is well
represented. This approach leverages a physically-based, basin-wide model to
simulate Chilime’s flows, rather than deriving them empirically from the Betrawati

record.

After achieving a satisfactory calibration at Betrawati, the SWAT+ model was applied
to simulate streamflow for all delineated sub-basins, and the results for the Chilime
River Basin were extracted. Importantly, the Chilime streamflow series obtained from
the model is not a direct scaling or partitioning of the Betrawati flow; instead, it is
generated by the model based on local climate, land cover, snow dynamics, and runoff
processes in the Chilime sub-catchment. In other words, the Chilime flow is spatially
simulated through the calibrated physically-based model. This ensures that the flow
estimates for Chilime reflect its own watershed characteristics (e.g., higher elevation
snowfields and rainfall input) and are consistent with observed data only through the
model’s calibration constraints. The result is a more realistic representation of

Chilime’s hydrology, as opposed to any simplistic extrapolation from the main river.

To provide a hydrological context for the region, Figure 4.4 shows the observed
streamflow pattern of the Trishuli River at Betrawati for 2006-2020. This record
exhibits the typical seasonal cycle of a high-altitude Himalayan River system strongly

influenced by the South Asian monsoon. Peak flows occur in the summer months of
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July-September, often exceeding 400 m?/s during intense monsoonal rainfall events.
In contrast, the winter and pre-monsoon months (December through May) experience
substantially lower flows, frequently below 100 m3/s, as precipitation is minimal and
much of the high-altitude precipitation is locked as snow. This observed discharge
regime confirms that the Trishuli Basin’s runoff is dominated by the summer
monsoon, with secondary contributions from snow and ice melt during the spring and
early summer. We include the Betrawati flow curve here primarily to set the broader
hydrological context - it reflects the overall flow regime into which the Chilime River
feeds, but it is not used to directly calculate the Chilime flows beyond serving as the

calibration target for the model.

800

(=
[
<o

I
]
=

Discharge (m?¥/s)

iR U

2006 2008 2010 2012 2014 2016 2018 2020
Date (Year)
Figure 4.4: Observed monthly streamflow at Trishuli River (Betrawati Station),

2006-2020.

The Betrawati gauging station captures the aggregate flow of the upper Trishuli Basin
(including the Chilime subbasin) and exhibits a pronounced monsoonal pattern with

summer high flows and winter low flows.

Using the calibrated SWAT+ model, the simulated streamflow for the Chilime sub-
basin was analyzed for the same period (2006-2020) to characterize its seasonal
behavior. The Chilime River’s simulated flow shows a clear seasonality that mirrors

the expected pattern for a high-altitude Himalayan catchment. During the pre-
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monsoon spring months (March-May), flows begin to rise moderately, likely
supported by snowmelt from the upper elevations of the Chilime Basin. The highest
discharges are produced in the monsoon season (June-September) when intense
rainfall combines with ongoing meltwater contributions, yielding pronounced peak
flows much like those observed in the larger Trishuli River. In the post-monsoon
autumn and winter period (October-February), the model indicates sustained low
baseflows as precipitation tapers off and temperatures drop, causing hydrological
inputs to be stored as snowpack. This seasonal streamflow pattern for Chilime -
modest increases in spring, sharp peaks in summer, and very low flows in winter - is
consistent with the hydro-climatic regime of snow-fed Himalayan tributaries. It
demonstrates that the SWAT+ model effectively captures the dual influence of
snowmelt and monsoonal rainfall in the Chilime Basin. Overall, the physically-based
simulation provides confidence that the Chilime River’s flow regime is being
represented realistically. These results establish a credible baseline of present-day
flow dynamics in the Chilime Basin, against which future climate change impacts can

be compared and assessed.

4.2 Model Calibration and Validation
4.2.1 Calibration and Validation overview

The SWAT* model was calibrated and validated using observed streamflow data from
the Trishuli River at Betrawati Station, located downstream of the Chilime sub-basin.
As the Chilime River is a tributary within the Trishuli Basin, and direct streamflow data
at the Chilime outlet is unavailable, model calibration at Betrawati provides a valid
basis for simulating discharge in the upstream Chilime catchment. The model was run

for a historical simulation period from 2006 to 2020, with the following split:

e (alibration period: 2007-2016
e Validation period: 2017-2019
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These periods were selected to ensure adequate representation of both monsoon peak
flow and dry-season baseflow, capturing interannual hydrological variability under

current climatic conditions.

Calibration and validation were performed using the SWAT* Toolbox, which provides
integrated tools for sensitivity analysis, parameter adjustment, and performance
evaluation. After iterative simulations and parameter tuning, the model produced

reliable outputs consistent with observed trends.
4.2.2 Performance Metrics and Evaluation
Quantitative performance was assessed using standard statistical indices, including:
« Coefficient of Determination (R?%)
o Nash-Sutcliffe Efficiency (NSE)
e Percent Bias (PBIAS)
e Root Mean Square Error (RMSE)
e Mean Squared Error (MSE)
o Kling-Gupta Efficiency (KGE)

The model performance during both calibration and validation periods was
satisfactory, with all key metrics exceeding the recommended thresholds for data-

scarce, snow-fed Himalayan catchments.

Table 4.1: SWAT* Model Performance Metrics for Calibration and Validation Periods

Period RZ |[NSE |PBIAS | RMSE MSE KGE
(%) (m?/s)

Calibration (2007- | 0.563 | 0.563 | -4.53 104.57 10,933.97 | 0.765

2016)

Validation  (2017- | 0.685 | 0.685 | +10.69 | 94.04 8,844.35 | 0.810

2019)
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The model effectively captured seasonal discharge patterns, particularly monsoon
peak flows and winter low flows. The low bias (¥x10%), NSE > 0.5, and KGE > 0.75
indicate a strong match between simulated and observed streamflow. These values
are considered satisfactory for high-altitude regions, where sparse monitoring and

snowmelt processes introduce additional modeling complexity.
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Figure 4.5: Observed vs. Simulated Streamflow During Calibration (2007-2016)
(The hydrograph shows alignment between modeled and observed discharge, with
good agreement in both timing and magnitude of flow events during the calibration

period.)
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Figure 4.6: Observed vs. Simulated Streamflow During Validation (2017-2019)
(The model demonstrates continued reliability in simulating flow dynamics outside
the calibration window, with minimal deviation in monsoon peaks and dry-season

baseflows.)
4.2.3 Interpretation and Applicability

Despite the limited ground-based snowmelt data and challenges inherent in
mountainous terrain, the SWAT® model demonstrated strong performance in
simulating the hydrology of the Trishuli Basin. The spatially distributed model
structure allowed for the extraction of reliable streamflow data for the Chilime sub-

basin, which forms the basis for future climate impact assessments.

The validation confirms the model’s robustness and applicability for streamflow
forecasting in Himalayan sub-catchments. Given its ability to reproduce observed flow
patterns with satisfactory statistical performance, the calibrated model is considered
suitable for simulating future hydrological responses under different climate

scenarios in the Chilime River Basin.
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4.3 Climate Projection and Bias Correction

This section presents the procedures and outcomes of bias correcting the climate
projections from the CMIP6 ensemble and discusses the future trends of temperature
and precipitation under two scenarios—SSP2-4.5 and SSP5-8.5—specifically for the

Chilime River Basin.
4.3.1 Bias Correction Methods and Ensemble Generation

To improve the accuracy of climate projections over the complex terrain of the Chilime
River Basin, bias correction was applied to daily outputs from thirteen Global Climate
Models (GCMs) under the CMIP6 framework: ACCESS-CM2, ACCESS-ESM1-5, BCC-
CSM2-MR, CanESM5, EC-Earth3, EC-Earth3-Veg, INM-CM4-8, INM-CM5-0, MPI-ESM1-
2-HR, MPI-ESM1-2-LR, MRI-ESM2-0, NorESM2-LM, and NorESM2-MM. Temperature
correction was performed using the Linear Scaling method based on daily observed
maximum and minimum values from the Dhunche station. For precipitation, Quantile
Mapping was employed using a merged baseline dataset from the Dhunche and
Thamachit stations. Details of the CMIP6 models, including atmospheric resolution

and modelling institutes, are presented in Appendix II.

These techniques were selected to address systematic biases inherent in raw GCM
outputs, which often arise from coarse spatial resolution and inadequate
representation of local topography (Mishra, Bhatia, & Tiwari, 2020; Eyring et al,,
2016). Following correction, the outputs from all thirteen models were combined into
a Multi-Model Mean (MMM) ensemble. Ensemble averaging is widely recommended
for hydroclimatic analysis in high-altitude basins due to its capacity to reduce inter-
model variability and improve projection reliability (Thrasher et al, 2012;

Teutschbein & Seibert, 2012).

The entire workflow was executed using Python to ensure statistical consistency in
bias correction and data harmonisation, while QGIS was used for the spatial processing
of topographic and climatic datasets. In addition, to account for the altitudinal
differences between GCM grid elevations and the Chilime Basin’s actual terrain, a

temperature lapse rate correction of 6.5°C per 1000 metres was applied. This
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adjustment ensured the spatial consistency of thermal inputs across the steep
elevation gradients in the basin, thereby improving snowmelt representation and the

hydrological response in subsequent SWAT* simulations.
4.3.2 Comparison of Raw vs. Corrected Climate Data

Bias correction was an essential step to enhance the accuracy and reliability of climate
model outputs prior to their application in hydrological modeling. The raw outputs
from CMIP6 models often exhibit significant systematic deviations from observed
climatic conditions due to coarse resolution and generalized representation of
regional processes. This section evaluates the effectiveness of the bias correction
procedures applied to both precipitation and temperature datasets in the Chilime

River Basin.
Precipitation Bias and Correction Performance

Figures 4.7 and 4.8 illustrate the model-wise distribution of raw and corrected rainfall
data for the historical period (2000-2020) under the SSP2-4.5 and SSP5-8.5 scenarios,
respectively. The raw data from the thirteen GCMs showed notable underestimation
of rainfall intensity, with most models failing to reproduce the observed median and
interquartile range of precipitation. Following Quantile Mapping correction, the
boxplots demonstrate a substantial improvement in alignment with observed data.
The corrected datasets reflect better central tendencies and reduced dispersion,

indicating improved internal consistency and representativeness across models.
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Figure 4.7: Model-wise boxplot comparison of raw and corrected rainfall data under

SSP2-4.5 scenario (2000-2020)
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Figure 4.8: Model-wise boxplot comparison of raw and corrected rainfall data under

SSP5-8.5 scenario (2000-2020)

Further validation is provided in Figures 4.9 and 4.10, which compare the ensemble
mean of raw and corrected rainfall outputs against observed values from the Dhunche
and Thamachit stations. Under both SSP scenarios, the raw ensemble significantly
underrepresents peak monsoon rainfall and over-smooths the annual cycle. In

contrast, the bias-corrected ensemble successfully replicates the seasonal pattern and
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magnitude of observed precipitation, particularly during the monsoon months (June-

September), thereby confirming the efficacy of the applied correction.
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Figure 4.9: Comparison of observed, raw ensemble, and corrected ensemble rainfall
(2000-2020) under SSP2-4.5 scenario
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Figure 4.10 Comparison of observed, raw ensemble, and corrected ensemble rainfall

(2000-2020) under SSP5-8.5 scenario
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Temperature Bias and Correction Performance
Temperature projections from raw GCM outputs also exhibited a consistent cold bias,

particularly in high-elevation regions like Chilime. As shown in Figures 4.11 and 4.12,
raw ensemble temperature data underestimated monthly values compared to
observations during 2000-2020 under both emission scenarios. The discrepancy was
most pronounced during winter months, indicating inadequate representation of

elevation-dependent warming and valley cold air pooling.

The application of the linear scaling method, combined with a lapse rate adjustment
of 6.5 °C per 1,000 m, significantly improved alignment with observed temperature
records. Post-correction ensemble outputs closely track observed seasonal
fluctuations and mean values, especially during the pre-monsoon and monsoon
periods, when temperature variability critically influences snowmelt and

evapotranspiration.
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Figure 4.11: Monthly temperature time series for 2000-2020 under SSP2-4.5

showing observed, raw ensemble, and corrected ensemble data
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Figure 4.12: Monthly temperature time series for 2000-2020 under SSP5-8.5

showing observed, raw ensemble, and corrected ensemble data

Model-specific performance of the bias correction for temperature is visualised in
Figures 4.13 and 4.14, which present boxplots of raw versus corrected outputs across
all thirteen models for the historical period. Under SSP2-4.5 and SSP5-8.5 respectively,
the corrected datasets demonstrate reduced spread and improved central alignment,

underscoring the effectiveness of the applied method in harmonizing the ensemble

distribution with the observed climatology.
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Figure 4.13: Boxplot comparison of raw vs. corrected temperature data for 13 GCMs

under SSP2-4.5 (2000-2020)
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Figure 4.14: Boxplot comparison of raw vs. corrected temperature data for 13 GCMs

under SSP5-8.5 (2000-2020)

Implications for Climate Impact Assessment

The enhanced agreement between corrected and observed datasets ensures the
integrity of subsequent hydrological modeling and climate impact assessments. In
particular, accurate representation of rainfall extremes and seasonal temperature
patterns is critical for modeling snowmelt contributions, simulating monsoon-driven
flows, and assessing future water availability. The consistent improvements across
multiple GCMs also validate the choice of correction techniques—Quantile Mapping
for precipitation and Linear Scaling with lapse rate adjustment for temperature—as
appropriate for high-altitude basins such as Chilime. These adjustments provide a

scientifically robust foundation for projecting streamflow responses under future

climate scenarios.

4.3.3 Projected Temperature and Precipitation Trends under SSP2-4.5 and SSP5-8.5

Future climate projections for the Chilime River Basin indicate significant warming
and intensification of precipitation patterns throughout the 21st century. Bias-
corrected and lapse-adjusted outputs from thirteen CMIP6 Global Climate Models

(GCMs) were analysed for the mid-century (2025-2050) and late-century (2051-
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2100) periods under two Shared Socioeconomic Pathways: SSP2-4.5 (moderate
emissions) and SSP5-8.5 (high emissions). This section presents the long-term trends
and intra-annual variability of temperature and precipitation, with implications for

hydroclimatic extremes and water availability.

Annual Precipitation Trends

Figures 4.15 and 4.16 display the projected annual precipitation for the Chilime River
Basin from 2020 to 2100 under SSP2-4.5 and SSP5-8.5, respectively. Both scenarios
reveal an increasing trend, with a steeper rise under SSP5-8.5. While SSP2-4.5
indicates a gradual increase of approximately 15-20% by the end of the century, SSP5-

8.5 projects a more pronounced escalation, reaching over 2,500 mm/year in the late

21st century.
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Figure 4.15: Projected corrected ensemble rainfall and observed rainfall (2000-

2100) under SSP2-4.5 scenario
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Figure 4.16: Projected corrected ensemble rainfall and observed rainfall (2000-

2100) under SSP5-8.5 scenario

These trends are further clarified in Figure 4.17, which compares actual and smoothed
precipitation trajectories. The high-emission scenario shows higher interannual
variability and potential for more extreme rainfall years, suggesting increased risks of

flood events in monsoon-dominated months.
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Figure 4.17: Time series of actual and smoothed annual rainfall under SSP2-4.5 and

SSP5-8.5 (2020-2100)

Figure 4.18 compares decadal averages across three time windows (2010-2020,

2050-2060, and 2090-2100). A steady progression is observed under SSP2-4.5, while

MSC THESIS/KABITA BHATTARAI/2025 41



SSP5-8.5 shows a sharper increase—indicative of the influence of greenhouse gas

accumulation on precipitation intensification.

25001 mmmm SSP2-45

e SSP5-8.5
2 2000
£
£
Z 1500+
=2
=
=1
£
<1000 1
&
2
<<

500 1

2010-2020 2050-2060 2090-2100
Decade

Figure 4.18: Decadal average annual rainfall under SSP2-4.5 and SSP5-8.5 for 2010-
2020, 2050-2060, and 2090-2100

Seasonal and Monthly Rainfall Variability

Seasonal changes are shown in Figure 4.19, where total precipitation is presented for
the winter, pre-monsoon, monsoon, and post-monsoon periods in 2020, 2050, and
2100. Monsoon rainfall remains dominant but increases significantly under SSP5-8.5,
accompanied by a noticeable rise in post-monsoon totals—suggesting an extension of

the wet season.
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Figure 4.19: Seasonal total rainfall (Winter, Pre-Monsoon, Monsoon, Post-Monsoon)

for 2020, 2050, and 2100 under SSP2-4.5 and SSP5-8.5

Figure 4.20 details the monthly rainfall distribution. The peak remains centered in
July, but monthly values during June and September rise, indicating a broader
monsoonal window by 2100 under the high-emission pathway. A modest rise in pre-

monsoon precipitation is also evident.
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Figure 4.20: Monthly average rainfall distribution for 2020, 2050, and 2100 under
SSP2-4.5 and SSP5-8.5

Projected Temperature Trends
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Corrected temperature projections show a robust and consistent warming trend
across both scenarios. Figure 4.21 (SSP2-4.5) and Figure 4.22 (SSP5-8.5) illustrate the
upward trajectory in annual mean temperature, with SSP5-8.5 yielding faster

warming, exceeding 18 °C by the end of the century in lower elevation zones.
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Figure 4.21: Time series of ensemble corrected temperature and observed values

(2000-2100) under SSP2-4.5
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Figure 4.22: Time series of ensemble corrected temperature and observed values

(2000-2100) under SSP5-8.5

Annual mean temperatures for benchmark years (2020, 2050, and 2100) are
compared in Figure 4.23. Under SSP2-4.5, the temperature increases moderately from

~12.5°C in 2020 to ~14.5 °C by 2100. Under SSP5-8.5, the rise is steeper, surpassing
16.5 °C by century’s end.
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Figure 4.23: Comparison of mean annual temperature for 2020, 2050, and 2100

under SSP2-4.5 and SSP5-8.5 scenarios
Seasonal and Monthly Temperature Variability

Figure 4.24 presents seasonal mean temperatures, highlighting notable warming in all
seasons—especially during the monsoon and post-monsoon. Winter temperatures
increase sharply under SSP5-8.5, raising concerns over declining snowfall and altered

snowmelt patterns.
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Figure 4.24: Seasonal mean temperature across 2020, 2050, and 2100 under SSP2-
4.5 and SSP5-8.5 scenarios

Figure 4.25 demonstrates monthly distribution trends, showing an upward shift in all
months. The summer months (May-August) record the highest increases, with July

temperatures potentially exceeding 25 °C under SSP5-8.5 by 2100.
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Figure 4.25: Monthly temperature distribution patterns for 2020, 2050, and 2100
under SSP2-4.5 and SSP5-8.5 scenarios

Spatial Distribution and Elevation-Sensitive Warming
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Figure 4.26 visualizes the spatial distribution of lapse-adjusted annual mean
temperatures across 2020, 2050, and 2100. In 2020, high-altitude zones remained
below freezing, but by 2100 under SSP5-8.5, nearly the entire basin transitions to
positive mean temperatures. The disappearance of sub-zero zones suggests major
implications for snow accumulation, glacial melt, and dry-season streamflow in the

Chilime Basin.
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Figure 4.26: Spatial distribution of lapse rate-adjusted annual mean temperature in

the Chilime River Basin for 2020, 2050, and 2100 under SSP2-4.5 and SSP5-8.5
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In summary, the Chilime River Basin is projected to experience more intense rainfall
and pronounced warming under future climate scenarios. These changes, particularly
under SSP5-8.5, highlight increased risks of hydrological extremes, earlier snowmelt,
and variability in seasonal water availability. Integrating these projections into
hydrological and adaptation planning is critical to ensure the resilience of water

resources, agriculture, and hydropower systems in this climate-sensitive region.

4.4 Future Streamflow Projections

This section presents the projected streamflow trends in the Chilime River Basin from
2002 to 2100 under two CMIP6 climate scenarios—SSP2-4.5 and SSP5-8.5. Using bias-
corrected climate inputs in the SWAT+ model, the results capture monthly, seasonal,
and long-term streamflow variations. Key comparisons are made across baseline
(2020), mid-century (2040-2050), and end-century (2090-2100) to highlight
evolving hydrological responses and identify potential risks under changing climate

conditions.
4.4.1 Streamflow Projection under SSP2-4.5 (2025-2050 and 2051-2100)

This section presents projected streamflow patterns under the SSP2-4.5 scenario, a
moderate-emissions pathway representing stabilization of greenhouse gas
concentrations by the end of the 21st century. Bias-corrected ensemble climate
projections from thirteen CMIP6 models were used as input to the calibrated SWAT"*
model. Simulated streamflow responses for the Chilime River Basin were analyzed

across two future periods: mid-century (2025-2050) and end-century (2051-2100).
Seasonal and Monthly Flow Patterns

The monthly distribution of projected streamflow (Figure 4.27) shows a pronounced
seasonal regime, characteristic of monsoon-driven Himalayan basins. Discharge
remains below 5 m?3/s from January to May, begins rising in June, and peaks during
August and September, where the median flow exceeds 25 m?®/s. This demonstrates a

continued dominance of monsoonal input under moderate climate change.
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Figure 4.27: Monthly Boxplot of Projected Discharge (SSP2-4.5)

Long-Term Discharge Trends and Anomalies

Figure 4.28 presents the full streamflow time series from 2000 to 2100. While the
seasonal pattern remains stable, there is a slight increase in peak discharges during
late-century years. Anomaly detection (Figure 4.29) highlights several outlier events
occurring after 2060, suggesting an increased occurrence of extreme discharge
episodes under SSP2-4.5, although less frequent than in high-emission pathways.
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Figure 4.28: Simulated Monthly Streamflow (2000-2100) under SSP2-4.5
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Figure 4.29: Anomaly Detection in Projected Flow
Moving Average and Decadal Change

To assess long-term changes, a 12-month moving average was applied to the
streamflow time series (Figure 4.30). Results show a relatively stable pattern from
2000 to 2070, followed by a slight upward shift in the late-century period, reflecting
potential intensification of the hydrological cycle driven by warming temperatures

and increased rainfall.

35
Original

301

251

Discharge (m?/s)

—— 12-Month Moving Average

2060 2080

Date (Year)

2000 2020 2040

Figure 4.30: Streamflow with 12-Month Moving Average

Comparison of Mid- and End-Century Flow
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Figure 4.31 compares average monthly flows for the periods 2040-2050 and 2090-

2100. While the monsoon peak remains dominant, there is a modestincrease in August

and September flows in the end-century projection, suggesting slight intensification of

rainfall and runoff.
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Figure 4.32: Seasonal Variation of Monthly Flow (2002-2100)

Summary Insight
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Overall, under SSP2-4.5, the Chilime River Basin is projected to retain its strong
monsoon-driven discharge pattern with modest increases in peak flow during the late
21st century. Hydrological anomalies may become slightly more frequent after 2060,
but dry-season flows remain relatively unchanged. These trends suggest manageable
impacts that can be addressed with forward-looking hydropower scheduling and

seasonal storage strategies.
4.4.2 Streamflow Projection under SSP5-8.5 (2025-2050 and 2051-2100)

This section presents projected streamflow patterns under the SSP5-8.5 scenario, a
high-emission pathway characterized by sustained fossil fuel use and minimal
mitigation efforts. Climate forcing inputs were derived from bias-corrected outputs of
thirteen CMIP6 global climate models. These projections were used to drive the
calibrated SWAT* model for the Chilime River Basin, with outputs analyzed for mid-
century (2025-2050) and end-century (2051-2100) periods.

Seasonal and Monthly Flow Patterns

The monthly streamflow boxplot under SSP5-8.5 (Figure 4.33) reveals a strongly
seasonal runoff regime, with very low flows from January to May and sharp peaks
during the monsoon months. August and September show elevated median discharges
exceeding 30 m3/s, with maximum values surpassing 35 m?®/s. Compared to SSP2-4.5,
this scenario exhibits a more intensified monsoon signal and greater runoff

magnitude.
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Figure 4.33: Monthly Boxplot of Projected Discharge (SSP5-8.5)

Time-Series Trends and Hydrological Extremes

The full projected streamflow series from 2000 to 2100 (Figure 4.34) demonstrates
an upward trajectory in peak discharges, particularly after 2040. Anomaly detection
(Figure 4.35) reveals a higher number and intensity of extreme flow events in the late
century compared to SSP2-4.5. These results reflect an elevated risk of flood events

due to amplified rainfall and runoff under high-emission scenarios.
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Figure 4.34: Simulated Monthly Streamflow (2000-2100) under SSP5-8.5

354
* Chilime Flow
201 . + ¢  Anomalies e o * o®
' [ i L 4 1 * IR
. LYY )
. * oot 2% T/23% 0t Te
75 . :. ° : ‘..... P Peioge 0%
- * . LI IR YRAL L) ° .
R
£ 204
L
=
[+
5 154
=
[
101
5_
2000 2020 2040 2060 2080 2100
Date (Year)

Figure 4.35: Anomaly Detection in Projected Flow
Long-Term Moving Average Analysis

The 12-month moving average trend (Figure 4.36) shows an earlier and steeper rise
in average discharge compared to SSP2-4.5. Starting around 2045, streamflow
intensifies through the end-century, reflecting the compounding effects of warming,

enhanced evapotranspiration, and greater monsoon rainfall.
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Figure 4.36: Streamflow with 12-Month Moving Average

Temporal Comparison of Streamflow
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Figure 4.38 compares average monthly flows for 2040-2050 and 2090-2100. A
consistent increase is evident across all months, with August and September flows
rising by more than 4-5m?3/s by the end of the century. This increase is more
substantial than that observed under SSP2-4.5. Seasonal discharge distribution
(Figure 4.37) confirms the growing dominance of monsoon and post-monsoon

periods, which together account for over 70% of total annual flow.
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Figure 4.37: Seasonal Variation of Monthly Flow (2002-2100)
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Figure 4.38: Monthly Mean Flow- Mid vs. End Century
Monthly Flow Distribution Summary

The overall monthly distribution under SSP5-8.5 (Figure 4.39) exhibits higher
variance, wider interquartile ranges, and more frequent high-flow outliers than
SSP2-4.5. This reflects an increasingly volatile flow regime, which may pose

challenges for both water infrastructure and ecosystem stability.
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Figure 4.39: Monthly Flow Distribution Boxplot (SSP5-8.5)
Summary Insight

Under the SSP5-8.5 scenario, the Chilime River Basin is projected to experience a
significantly intensified hydrological regime by the end of the 21st century. Increases
in peak flow, earlier onset of wet season runoff, and more frequent extreme events
point toward elevated flood risk and operational challenges for hydropower systems.
These trends call for urgent investment in adaptive water resource planning, with a
focus on climate resilience, reservoir optimization, and catchment-scale flood control

in snow-fed mountain basins.
4.4.3 Comparative Analysis of Trishuli vs. Chilime Flow Trends

To validate the physical consistency of simulated Chilime streamflow, a comparative
assessment was conducted between projected streamflow patterns of the Trishuli
River (at Betrawati Station) and the Chilime River Basin under both climate scenarios:
SSP2-4.5 and SSP5-8.5. Since long-term observed flow data for Chilime is unavailable,
the entire Trishuli Basin was modeled and calibrated using observed discharge at
Betrawati. The Chilime River was then extracted as a delineated sub-basin within the
calibrated SWAT" model, ensuring that its simulated flow reflects localized

hydrological processes constrained by basin-wide calibration.

Figures 4.40 and 4.41 present the ensemble-averaged monthly streamflow projections
for both rivers from 2002 to 2100. The results demonstrate strong seasonal
synchronization, with peak flows occurring during the monsoon season (July-
September) and reduced flows during the winter and pre-monsoon periods (January-
May). The similarity in timing and seasonal trends across both basins reinforces the

hydro-climatic coherence between Chilime and its parent watershed.

As expected, the Chilime River exhibits much lower flow magnitudes due to its smaller
contributing area (~277 km?), compared to the broader upstream catchment of the
Trishuli River. However, the relative shifts in monsoon peak, dry season baseflow, and

inter-annual variability are largely consistent across the two systems. This suggests
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that the model accurately captures regional climate signals and that the extracted

Chilime streamflow maintains internal hydrological validity.

Under the SSP5-8.5 scenario, both rivers show increased inter-annual variability and
amplified peak flows relative to SSP2-4.5, reflecting an intensified hydrological cycle
in a high-emission future. The comparative pattern strengthens confidence in using
the calibrated and validated Trishuli-based model structure to simulate future

streamflow behavior in smaller upstream sub-basins such as Chilime.
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Figure 4.40: Comparative Monthly Streamflow Trends of Trishuli and Chilime under

SSP2-4.5 (2002-2100)
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Figure 4.41: Comparative Monthly Streamflow Trends of Trishuli and Chilime under

SSP5-8.5 (2002-2100)

This comparative analysis confirms that the physically based SWAT* model, once
calibrated with observed data at Betrawati Station, effectively captures both the scale
and dynamics of streamflow in the nested Chilime sub-basin. The consistent seasonal
structure, response to monsoon intensity, and alignment under future climate
scenarios validate the model’s reliability for projecting streamflow changes in

unmonitored high-altitude catchments like Chilime.

4.5 Comparative Streamflow Projections Across Himalayan Basins

The streamflow projections for the Chilime River Basin under future climate scenarios
indicate a moderate but consistent increase in discharge. Under SSP2-4.5, monsoonal
flows are projected to increase by approximately 8-12% by the end of the century,
while under SSP5-8.5, peak flows in August and September may rise by 20-25%. These
trends reflect intensified runoff resulting from increased precipitation and enhanced
snowmelt during the monsoon season, particularly under high-emission scenarios. To
validate the consistency of these projections, it is essential to compare the findings
with other Himalayan River basins that exhibit similar climatic and hydrological

characteristics.
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Table 4.9 presents a comparative overview of streamflow changes reported in various
studies conducted in Nepal and the greater Himalayan region. While the magnitude of
change varies depending on basin size, glacial coverage, and climatic zone, the Chilime
Basin’s projected changes fall within the expected range, especially for snow-fed sub-

catchments.

Table 4.9: Comparative Streamflow Projections under Climate Scenarios

River Basin /| Scenario | Streamflow Change | Remarks

Study (%)
Chilime  River | SSP2-4.5 | +8%to +12% Increase in peak monsoon
Basin (This flow; dry-season stable
Study) SSP5-8.5 | +20% to +25% Frequent anomalies post-
2050; strong monsoon
response
Tamor Basin | SSP2-4.5 | ~+12.7% Aligned with Chilime trend
(Dahal et al, SSP5-8.5 | ~+20% Consistent  with high-
2020) o :
emission scenario
Seti-Gandaki SSP2-4.5 | +49% (monsoon), | Strongrise across all seasons
Basin +96% (pre-
(Upadhyaya et monsoon)
al,, 2022)

SSP5-8.5 | +54% to +154% Highest response in dry and

post-monsoon seasons

Kaligandaki RCP4.5 /| +41% / +50-88% Strong glacial and snowmelt
Basin (Shrestha | RCP8.5 contribution

etal, 2021)

Bheri River | RCP4.5 & | +6% to +12.5% | Dry-season rise, monsoon
Basin  (Paudel, | 8.5 (annual), -20% | decrease due to shifting
2022) (Jul-Aug) rainfall timing
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Indrawati RCP4.5 & | General increase; | Moderate sensitivity basin;
Basin(Bastola, 8.5 seasonal variation similar scale to Chilime

2022)

Karnali Basin | RCP4.5 & | +90% (dry season | Glacial melt-dominated;

(Panthi et al., | 85 in upper basin) strong dry-season gain
2023)

West Seti Basin | RCPs Moderate increase | Shows clear temporal shiftin
(Gurung et al,| (F1-F3) |(max in 2045- | peak flow

2021) 2069)

Indus-Tarbela RCP2.6- | +34% to +43% | Highly glaciated basin;
Inflows(Dahri et | 8.5 under 1.5-2°C | strong response

al,, 2021) warming

Overall, the Chilime River Basin’s projections demonstrate consistency with broader
regional trends. While not as extreme as glacier-dominated or larger basins such as
Kaligandaki, Karnali, or Seti-Gandaki, the modeled streamflow increases are well
within the range observed in snow-fed systems. These findings reinforce the scientific
validity of the modeling approach used in this study and highlight the vulnerability of
high-altitude catchments to intensified hydrological responses under future climate

change scenarios.
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CHAPTER YV CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This study assessed the potential impacts of climate change on streamflow patterns in
the Chilime River Basin using bias-corrected CMIP6 projections and the SWAT"*
hydrological model. By integrating historical climate analysis, model calibration, and
scenario-based simulations, three core objectives were addressed: (1) projecting
future temperature and precipitation trends under SSP2-4.5 and SSP5-8.5; (2)
evaluating the performance of the SWAT" model in replicating historical streamflow;

and (3) forecasting streamflow responses to climate change in the Chilime River Basin.

First, future climate projections revealed consistent warming and precipitation
increases across both scenarios. By the end of the 21st century, annual average
temperature is expected to rise by 2-3 °C under SSP2-4.5 and more than 4 °C under
SSP5-8.5. Similarly, annual precipitation is projected to increase by approximately 15-
20% under SSP2-4.5 and exceed 30% under SSP5-8.5. These changes imply intensified
monsoon activity and earlier snowmelt onset, contributing to seasonal shifts in

hydrological regimes.

Second, the SWAT" model demonstrated improved performance during both
calibration (2007-2016) and validation (2017-2019) periods. The model yielded an
NSE of 0.563, R? of 0.563, and PBIAS of -4.53% during calibration, while validation
achieved an NSE of 0.685, R? of 0.685, and PBIAS of +10.69%. These statistics confirm
the model’s ability to capture flow variability and seasonality in data-scarce, high-
altitude Himalayan catchments, thus ensuring reliability for climate change

simulations.

Third, streamflow projections suggest marked increases in monsoon discharge and
modest gains in winter baseflow. Under SSP2-4.5, peak flows are projected to rise by
8-12%, whereas under SSP5-8.5, increases of 20-25% are anticipated by 2100.
Monthly flows during August-September may exceed 30m3/s, while winter

baseflows, although still below 6 m3/s, show a gradual upward trend. This shift
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reflects the basin’s heightened sensitivity to temperature-induced snowmelt and
precipitation intensification, indicating potential risks of late-season floods and dry-

season water scarcity.

Overall, the study confirms that high-altitude basins like Chilime are highly responsive
to climatic variations. The integration of 13 bias-corrected GCMs, elevation-adjusted
inputs, and physically-based hydrological modeling offers a robust framework for
simulating future water availability in Himalayan catchments. These insights are
crucial for designing adaptive strategies in hydropower planning, water resource
management, and climate resilience building in snow-fed river basins.

5.2 Recommendations

5.2.1 Recommendations for Policy and Practice

Based on the key findings of this study, the following recommendations are proposed
to support effective water resource planning, hydropower management, and climate

adaptation in the Chilime River Basin and similar Himalayan catchments:

e Integrate climate projection-based flow estimates into hydropower design and
operational planning, especially to accommodate increased monsoon runoff
and potential late-season peak discharges.

e Enhance early warning and flood preparedness systems by incorporating
projected shifts in peak flow timing and intensity under future climate
scenarios.

e Strengthen catchment monitoring infrastructure by installing flow gauges and
meteorological stations within the Chilime Basin to improve model calibration
and long-term hydrological forecasting accuracy.

e Incorporate snow and glacier melt components more explicitly in national
water resource models, particularly for upstream basins sensitive to seasonal
cryospheric dynamics.

e Encourage inter-agency data sharing among DHM, NEA, ICIMOD, and academic
institutions to improve hydrological modeling and climate impact assessment

across Nepal's mountainous regions.

MSC THESIS/KABITA BHATTARAI/2025 64



5.2.2 Recommendations for Further Study

In light of the limitations encountered during this research, the following areas are

recommended for future investigation:

e Integrate dynamic glacier models with SWAT* to better simulate long-term
meltwater contribution and its decline under sustained warming, especially
post-2050.

e Evaluate uncertainty from individual GCMs and bias correction methods by
comparing multiple bias correction techniques and model subsets.

e Conduct sensitivity analysis of hydrological parameters to determine their
influence under varying climatic inputs, enhancing the robustness of
simulations in data-scarce regions.

e Incorporate land use change projections alongside climate scenarios to
simulate combined impacts on basin hydrology.

e Assess socio-economic implications of changing streamflow (e.g., for
hydropower revenue, irrigation potential, or water-sharing dynamics) under

future climate conditions.
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APPENDICES

Appendix I: Land Use Land Cover
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Fig A2- LULC of different year of Chilime basin
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Table Al: Area of Different LULC in km2

Year Waterbody | Glacier Forest Riverbed | Built-up | Cropland @ Bare soil | Bare Grassland
& Snow area rock
2000 0.4599 104.0193 | 45.9666 | 0 0.0648 4.1265 0.1494 37.4445 65.1645
2001 0.4797 93.3012 47.5038 | 0 0.0675 4.0599 0.0846 31.536 80.3628
2002 0.4554 121.9716 | 46.1484 | 0 0.0387 4.0617 0.0378 20.763 63.9189
2003 0.4581 90.1161 | 46.8702 0 0.1116 4.0131 0.0324 37.3032 78.4908
2004 0.459 101.0043 | 46.1466 | 0 0.0351 4.0149 0.0252 35.6202 70.0902
2005 0.4536 121.2849 | 45.6399 0 0.0405 4.0842 0.018 21.3444 | 64.53
2006 0.4599 98.1612 45.8415 0 0.0468 41121 0.0306 34.02 74.7234
2007 0.4653 117.5787 | 45.4248 | 0 0.0423 4.1796 0.0324 27.6597 | 62.0127
2008 0.4779 91.5309 | 46.476 0 0.0954 4.1175 0.0513 27.9495 86.697
2009 0.4833 87.1254 | 47.0034 | 0 0.1305 4.0347 0.0801 32931 85.6071
2010 0.4698 83.907 47.1906 | 0 0.1197 4.0131 0.1224 35.1585 86.4144
2011 0.4941 84.924 46.7901 0 0.0711 4.0194 0.189 25.0065 95.9013
2013 0.4734 103.5018 | 46.4949 0 0.0666 4.032 0.2718 16.4556 | 86.0994
2014 0.4527 119.5749 | 47.0961 0 0.063 3.9402 0.2943 14.9463 71.028
2015 0.4842 100.5669 | 48.0888 | 0 0.1458 3.7467 0.3213 33.3162 70.7256
2016 0.4923 88.7535 | 48.8448 | 0 0.2349 3.5937 0.3141 45.8703 69.2919
2017 0.4761 101.1996 | 49.1274 | 0 0.1692 3.5064 0.2862 32.2164 | 70.4142
2018 0.4986 88.8381 | 49.9419 0 0.279 3.4191 0.2295 39.1221 75.0672
2019 0.4797 113.4972 | 48.969 0 0.1809 3.3768 0.3465 31.8357 58.7097
2020 0.4887 113.3919 | 48.2598 | 0 0.0855 47277 0.3933 19.6434 70.4052
2021 0.4995 92.7216 | 47.8053 0 0.36 4.1769 0.6102 40.5333 70.6887
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Appendix II: Calibrated SWAT* Parameter

Table A2: Calibrated SWAT" Parameters with Optimized Ranges and Best-Fit Value

Name | Change | Group | Abs.min | Abs.max | used | Full Name Meaning Impact in SWAT
Type Value

cn2 Relative | hru 35 95 59 SCS Curve | Surface runoff | Affects surface runoff
Number for | potential based on | volume
Moist land use, soil,
Condition moisture

esco | Replace | hru 0 1 0.297 | Soil Controls soil | Affects soil evaporation
Evaporation evaporation depth
Compensation
Factor

surlag | Replace | bsn 0.05 24 0.05 | Surface Time  delay in | Affectstiming of surface
Runoff  Lag | surface runoff | runoff
Coefficient response

alpha | Replace | aqu 0 1 0.3 Baseflow Groundwater Affects baseflow and
Alpha Factor | contribution to | streamflow in dry

streamflow periods
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Appendix III: CMIP6 GCMs

Table A3: CMIP6 GCMs Used in the Ensemble and Their Key Characteristics

S.N. | Model Name Resolution (Atmosphere Modelling Institute Country
Grid)
1 ACCESS-CM2 1.25° x 1.875° CSIRO-ARCCSS Australia
2 ACCESS-ESM1- | 1.25° x 1.875° CSIRO-ARCCSS Australia
5
3 BCC-CSM2-MR | 1.125° x 1.125° Beijing Climate Center (BCC) China
4 CanESM5 2.81° x 2.81° Canadian Centre for Climate Modelling Canada
(CCCma)
5 EC-Earth3 0.7°x 0.7° EC-Earth Consortium Europe (multi-
national)
6 EC-Earth3-Veg | 0.7°x 0.7° EC-Earth Consortium Europe (multi-
national)
7 INM-CM4-8 2.0°x 1.5° Institute of Numerical Mathematics Russia
8 INM-CM5-0 1.0° x 1.5° Institute of Numerical Mathematics Russia
9 MPI-ESM1-2- 0.5° x 0.5° Max Planck Institute for Meteorology Germany
HR
10 | MPI-ESM1-2- 1.875° x 1.875° Max Planck Institute for Meteorology Germany
LR
11 | MRI-ESM2-0 1.125° x 1.125° Meteorological Research Institute Japan
12 | NorESM2-LM 1.9° x 2.5° Norwegian Climate Centre Norway
13 | NorESM2-MM | 1.0° x 1.25° Norwegian Climate Centre Norway
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