
 
 
 

 
 
 
 
 
 
 
 

ABSTRACT 
 
 

Climate-Driven Variability and Potential Land Use Change Effect on Sources of Water 
from Mountain Headwater Systems 

Ram P. Neupane, Ph.D. 
 

Mentor: Joseph D. White, Ph.D. 
 
 

This study estimated the climate and land use change effects on hydrological 

processes of major Nepalese watersheds including Kali Gandaki, Tamor and Seti using 

the Soil and Water Assessment Tool. Future climate change effect was modeled using the 

outputs of temperature and precipitation changes derived from Special Report on 

Emission Scenarios (B1, A1B & A2) of 16 global circulation models for 2080s. The 

discharge of the Kali Gandaki River was approximately 39% higher than current values 

for the maximum temperature and precipitation changes of the A2 scenario and 22% less 

for minimum changes of the same scenario. With 7% of original forested land removed, 

sediment yield for the Tamor basin was estimated to be 65% higher, but increased to 124% 

for the SRES-B1 scenario. For the Seti basin, 4% deforestation yielded 33% more 

sediment for the SRES-A1B scenario. The effect appears to be geographically important 

with higher influence in the eastern Tamor basin potentially due to longer and stronger 

monsoonal period of that area. To better understand the potential groundwater dynamics 

in mountain stream system and also to better assess the model simulation outputs, I used 



 
 
 

δ18O and δ2H of water, solute concentrations, and 222Rn to determine which of these may 

best characterizes water derived from sub-surface sources present in the stream during 

summer recession flow in McDonald Creek watershed. This study was important since 

higher groundwater contribution to the stream discharge was assessed in the Himalaya 

Mountain systems. In main channel of the McDonald Creek, I measured peak 222Rn 

activity of 2,646 Bq/m3 at 7.9 km distance downstream located in middle of the 

watershed associated with streamflow constriction that corresponded to changes in local 

orientation of underlying rocks. Based on 222Rn mass balance calculations, I estimated 

that groundwater contributed between 0.3 and 29% of total flow. However, 60% of the 

total groundwater input was likely to have been produced from hyporheic zone of the 

stream channel. Finally, I estimated a 5.9% of groundwater contribution integrated for 

stream reach measured at McDonald Creek during recession flow period.  
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CHAPTER ONE 
 

Introduction 
	
 

Water is an important natural resource covering 71% of the earth’s surface. Out of 

this water, 97% is saline present in the ocean and only 3% is considered fresh. The 

majority of fresh water, which is about 69%, is stored in glaciers and ice caps, mainly in 

Antarctica, Greenland and high mountains (Gleick, 1996). While freshwater may be 

abundant on the planet’s surface, its availability for human consumption is low due to 

geographic, temporal, and quality issues. Efficient utilization and sustainable 

management of water resources is an urgent need for the existence of a rapidly increasing 

human population, specifically for the people who mainly depend on energy and water 

resources obtained from mountain watersheds.  

Mountains are important for humans as they store huge amount of water in solid 

forms that supply water during dry periods to the downstream areas. Large mountain 

systems also referred to as the “third pole”, occupy 24% of the total global surface area, 

and are an important source of fresh water, sustaining 12% of the world’s population 

(ICIMOD, 2008). Storage and release of water from glaciers are potential to influence 

generation of hydro-electricity, sea level fluctuations, sediment transportation, and 

formation of landforms (Jansson et al., 2003). The process of snow and glacial ice 

deposition and melt are closely related to the quality and quantity of river waters that 

affect human appropriation of this water on ecological sustainability of mountain streams. 

One-sixth of the world’s population depend on glaciers and seasonal snow and ice for 

water resources derived from mountain regions (Barnett et al., 2005). Reduction in 
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mountain snowpack and change in timing of river discharge are of great concern in arid 

regions where growing population water use exceeds supply. Since mountains are the 

repositories of fresh water in the form of snow and ice, it is important to assess changing 

climate effects on future hydrological processes of these mountain basins. 

Watershed hydrology is highly sensitive to climate change due to orographic 

effects where small changes in temperature influence the balance of precipitation falling 

as snow and rain (Barnet et al., 2005). Potential climate change influences the hydrologic 

systems in mountain environments, associated with reduced snow and glacier cover 

(White et al., 1998). Climate change can also affect the sediment transportation in 

mountain basins, primarily due to varying meltwater contribution associated with 

changing mountain glaciers and snowpack. This includes increased variation in 

hydrologic output such as reduced water flows during dry periods and high flows with 

flood problems during wet periods (Akhtar et al., 2008).   

Global climate change and associated impacts are already observed in the 

Himalaya Mountains (Beniston 2003; Cruz et al., 2007). However, few studies have 

examined the effect of snowpack in glacier-fed river systems in South Asia with the 

current changing climate (Monirul and Mirza, 1997). Snow and glacier accumulation and 

melt processes are associated with monsoonal precipitation in headwaters of the south 

Asian Himalayas. These processes influence the hydrologic discharge by temporary 

storing and releasing of water at different time scales (Jansson et al., 2003). Singh and 

Kumar (1997) on their study of the Spiti River of western Himalayan region found an 

earlier peak streamflow due to advanced snowpack and glacier melt associated with a 

potentially warmer climate. Most mountain glaciers are changing due to global climate 
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change with subsequent intensification of the water cycle (Dyurgerov, 2003). Regions 

dominated by snowmelt hydrology are expected to be more susceptible to climate change 

due to alteration in seasonality of river flow regimes (Adam et al., 2009). Climate change 

in mountains is affected by the complex geography of these systems where differences in 

precipitation and temperature occur across small spatial scales. Anthropogenic-induced 

climate change is therefore challenging due to interactions of geography, precipitation, 

temperature, and snowpack and glacier ice accumulation and loss (eg. Mote et al., 2008). 

In contrast to most other mountain glacier systems, ice accumulation and ablation 

occur during the same summer melting season in the Himalaya Mountain systems (Fujita 

et al., 2006). The mountain hydrology is highly affected by the behavior of glaciers as 

they determine the discharge during dry summer months and they also act as natural 

regulator (Stenborg, 1969). Himalayan glaciers receive snow from both winter westerlies 

and some summer monsoon. Most of the eastern Himalayan glaciers have both maximum 

advance and ablation during summer months which may have large contribution to make 

the maximum discharge in rivers. This process is highly controlled by the Indian summer 

monsoonal precipitation that weakens towards western part of the Himalayan regions. 

However, in western part of the Nepalese Himalayas, glacier advance occurs during 

winter season and ablation occurs during summer season.  

The Himalaya Mountains are also important in terms of originating many largest 

and most sediment-loaded rivers in the world. However, there is lack of sufficient 

research works to address the potential changes in sediment loads under a changing 

climate (Knight and Harrison, 2009). About 35% of the discharge in mouth of the Indus 

and 60% of sediment loads of rivers in the Karakoram are glacier-derived (Collins and 
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Hasnain, 1995) that emphasize the importance of precipitation and glacial melting 

processes responsible for sediment yield in Himalaya mountain basins. Sediment in 

Himalaya Mountains is mainly contributed by glacial melt water that causes channel 

erosion due to high relief and velocity of water.  In addition, summer monsoonal rain also 

causes heavy sediment transport due to flash flooding.  The intensity of this flooding is 

increased due to deforestation and road construction which affect overland flow of 

precipitation.    

Anthropogenic-induced impacts on hydrological processes include land 

degradation, and water pollution that change the utilization of water resources in the 

mountain basins (Sharma et al., 1991; Rawat and Rawat, 1994; Yue et al., 2004; Lu, 2005; 

Vanacker et al., 2007). The land use changes, primarily caused by overgrazing, mining, 

fuel wood collection, and road construction have affected quality and quantity of water 

derived from the mountain basins that have caused changes in the  economy and 

ecological functions among the Indo-Gangetic plains (Tiwari, 2000; Awasthi et al., 2002). 

The future climate change also alters the hydrological processes in mountain basins 

potentially caused by less snowfall and earlier melting (White et al., 1998). Therefore, the 

overall objective of this study was to assess the effects of both climate change and land 

use modification on future water availability and sediment yield of mountain basins that 

might be crucial for future national and transnational water management implications.  
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CHAPTER TWO 
 

Estimating the Effects of Climate Change on the Intensification of Monsoonal-driven 
Stream Discharge in a Himalayan Watershed 

 
This chapter published as: Neupane RP, Yao J, White JD. 2013. Estimating the effects of 

climate change on the intensification of monsoonal-driven stream discharge in a 
Himalayan watershed. Hydrological Processes DOI: 10.1002/hyp.10115. 

 
 

Introduction 
 

The mountain systems such as the Himalayas occupy 24% of the total global 

surface area and may provide a source of fresh water, sustaining 12% of the world’s 

population (ICIMOD, 2008). Mountain systems with snowmelt-dominated hydrology 

constrain water supply for human appropriation by maintaining stream discharge during 

dry periods where snowpack accumulation is sufficient and snowmelt is low.  Snow and 

glacial melt are important for mountain hydrological processes (Immerzeel et al., 2009); 

and therefore potential changes in temperature and precipitation are predicted to 

adversely impact the melt characteristics (Barnett et al., 2005). With continued climate 

change coupled with increasing human population in the Himalayas, hydrologic changes 

in these regions are serious for water quantity and quality issues (Kundzewicz et al., 

2007).  

In the Himalayas, climate change has already been observed with temperature 

increasing faster than the global average with the increase mostly during winter season 

amplified at higher elevations (Beniston, 2003). Most mountain glaciers are receding due 

to continued warming at higher altitudes with subsequent intensification of the 

hydrologic cycle (Dyurgerov, 2003). Regions dominated by snowmelt hydrology are 
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expected to be more susceptible to climate change due to alteration in seasonality and 

intensity of river flow regimes (Adam et al., 2009). Some of the previous studies have 

emphasized the importance of meltwater contribution to the stream discharge and also 

assessed the potential effects of continued climate change on downstream hydrological 

processes (Barnett et al., 2005; Cyranoski, 2005). Continued climate change potentially 

impacts mountainous headwater systems by changing hydrologic discharge timing and 

amount associated with altered seasonal snowmelt patterns and reduced glacier cover 

(White et al., 1998; Kiffney et al., 2006). However, the meltwater contribution to water 

availability may be minor in Himalayan catchments having monsoon dominated climate 

system (Kaser et al., 2010). 

The climate of the Himalaya Mountains is mainly influenced by the summer 

monsoon that originates from the Bay of Bengal. Peak melting season of these mountains 

coincides with the summer monsoon and therefore any intensification of monsoon or 

accelerated melting would contribute to increased summer runoff that would result in 

severe changes in mountain hydrology such as flood disasters (Shrestha, 2005).  For 

example, the annual runoff of the Alkananda River (in western Himalaya) has increased 

by 2.8% annually during 1980-2000, whereas that of Kali Gandaki River in central Nepal 

Himalaya has increased by about 1.0% annually during 1964-2000. However, discharge 

in the Kosi Basin in eastern Nepal has decreased, particularly during the low-flow season 

(Sharma et al., 2000).  Determination of trends in stream discharge across Himalayas is 

hindered by the lack of consistent long-term hydro-meteorological information from high 

elevation of the regions (Grabs and Pokhrel, 1993). 



7 

Estimation of hydrological response to continued climate change in the Himalaya 

catchment is complicated due to climatic heterogeneity, lack of sufficient hydro-

meteorological information, and uncertainty in snow and glacier characteristics (Beniston, 

2003). However, hydrological models have been widely used to study the effects of 

continued climate changes on the hydrological cycle (Guo et al., 2008; Ma et al., 2009). 

The Soil and Water Assessment Tool (SWAT), a quasi-distributed hydrological model, 

has been used to assess climate change impacts on watershed hydrology of mountain 

basins (Eckhardt and Ulbrich, 2003; Song and Zhang, 2012). The SWAT was originally 

developed for simulation of large sized ungauged basins with minimal calibration 

(Arnold et al., 1998). This study is one of the first to simulate climate change effects on 

hydrological processes on the monsoon dominated Himalaya Mountain basin of Nepal. 

The major objectives of this study are: (1) to determine if the SWAT model can be 

calibrated and confirmed for projecting stream discharge of a relatively isolated 

Himalaya Mountain catchment; (2) to identify sensitive hydrological SWAT parameters 

for the basin; (3) to project climate change impacts on key hydrological processes related 

to water availability over time; and (4) to assess the effect of climate change impacts on 

future water yield. 

Materials and Methods 
 
 

Description of the Study Watershed 
 

The Kali Gandaki Watershed (KGW) located in central part of Nepal (Figure 1) 

covers an area of 7,261 km2 as a subset basin of the Narayani River Watershed (NRW) 

and is one of the main tributaries of Ganges River. The watershed’s elevation ranges 

from 548 m to over 8000 m above mean sea level. The highest elevation occurs at the 
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peaks of Annapurna and Dhaulagiri which are two large Himalaya Mountain peaks with 

elevations > 8000 m, potentially influencing orographic precipitation patterns. Dominant 

soils of the basin include Cambisols and Leptosols.  

 

 
Figure 1.  The KGW is shown as a subset of the Narayani Basin located in central Nepal 
with the hydro-meteorological stations used in this study. 
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The KGW varies climatically corresponding to elevation changes. The basin has 

three distinct climatic zones: sub-tropical zone (<1800 m); temperate zone (1800 to 4000 

m); and alpine zone (> 4000 m) (Polunin and Stainton, 2000). The lower elevation is 

characterized with maximum temperature of 40o C during summer months and total 

annual rainfall of 1500 to 2000 mm (Ichiyanagi et al., 2007). At higher elevations, cold 

and dry conditions persist with the average temperature of 11o C and average annual 

precipitation of 257 mm (Pohle, 1991). Analysis of 40 years (1970-2009) of precipitation 

and 32 years (1964-1995) of stream discharge data derived from the Department of 

Hydrology and Meteorology (DHM), Nepal, indicated that more than 75% of the total 

precipitation occurred during monsoon season (similar to Sharma, 1993), comprising 

approximately 77% of the total stream discharge of the basin in the same season (Figure 

2). During winter season, the watershed is affected by westerly winds which can 

influence snowfall at higher elevations.  

 

 
Figure 2. Mean monthly precipitation and stream discharge of the Kali Gandaki basin. 
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Hydrological Model 
 
 For this study, I used the Arc GIS interface of the SWAT (version 2009) 

(http://swatmodel.tamu.edu/software/swat-model). The hydrologic cycle in SWAT is 

based on the water balance equation (1) as follows, all expressed in mm. 

 
where SWt is the final soil water content, SW0 is the initial soil water content, t is time in 

days, Rday is the amount of precipitation, Qsurf is the amount of surface runoff, Ea is the 

amount of evapotranspiration, Wseep is the amount of water entering the vadose zone from 

the soil profile, and Qgw is the amount of return flow. To estimate the surface runoff, I 

used the curve number method (USDA, 1986). Actual evapotranspiration (ET) was 

estimated from the method developed by Ritchie (1972) which considers a wide variety 

of soil types and climatic conditions.  The Penman-Monteith procedure (Monteith, 1965), 

based on energy balance, was used to estimate potential evapotranspiration (PET).  

Generally, it is expected that the inflows equal the outflows in a basin with 

limited storage. However, models such as SWAT include storage in the shallow aquifer 

(ΔGW Storage in mm) or the soil profile (ΔSW Storage in mm), and is represented by the 

following Equation 2. 

 

where P is the precipitation (mm), ET is the evapotranspiration (mm), and WYLD is the 

water yield to the stream channels (mm). The WYLD in the model is computed by the 

following relation, all expressed in mm. 

 

0 ∑ 1 	

	 2 	

3 	
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where SURQ is the surface runoff, LATQ is the lateral flow contribution to stream 

discharge, GWQ is the groundwater contribution to the stream discharge, and TLOSS is 

the transmission losses from the system.  

Snowmelt in the model is estimated through temperature-index or degree-day 

approach. The amount of water stored in the snowpack is represented as snow water 

equivalent (SWE). Increase or decrease of the snowpack depends on additional snowfall 

or release of meltwater in the basin, respectively. The mass balance for snowpack in the 

model is represented by the following Equation 4. 

 

where SNO is the total amount of water in snowpack on a given day (mm H2O), Rday is 

the amount of precipitation (mm H2O), Esub is the amount of sublimation (mm H2O), and 

SNOmlt is the amount of snowmelt (mm H2O). Despite the model’s deficiency of 

representing glacier processes, a classical degree-day model (Singh et al., 2006) which 

relates ice or snowmelt to air temperature, was used and is represented by the following 

equation. 

 

where M is the depth of melt water (mm/day), D is the degree-day factor for ice melt 

(mm/dayoC), Tav is daily air temperature (oC), and Tgmlt is the threshold value for ice melt 

(oC). The D factor for snowmelt in the SWAT model is estimated by a sinusoidal function 

to represent the seasonal changes (Neitsch et al., 2005). However, the factor value for 

glacial melt estimation was taken from the study conducted in Langtang glaciers of the 

Himalaya Mountain system (Immerzeel et al., 2012). The ice volume estimation which is 

an important aspect of glacial melt was calculated as explained in Liu et al. (2003). In 

4 	

.		 , 	
0,																							 																					

5 	
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this study, glacial accumulation, ablation, and contribution to the basin’s water balance 

components were assessed for 1981 to 1990. 

 
Input Spatial Data  
 

Data required for SWAT includes elevation, land-use, soil properties, weather and 

climate, and measured stream discharge data. The Global Digital Elevation Model 

(GDEM) with a 30 m×30 m resolution (http://gdem.ersdac.jspacesystems.or.jp/search.jsp) 

was obtained and used for delineating sub-watersheds and defining stream networks. The 

watershed defined 27 sub-watersheds based on the minimum drainage area threshold 

value of 130 km2. To account for the extreme topographic gradient on hydrological 

processes within the basin, I defined elevation bands in each sub-basin for every 510 m 

change in elevation. These bands were expected to be important in representing snow 

accumulation and melt processes in complex mountain systems (Fontaine et al., 2002). 

Details of elevation gradient of each sub-basin with the number of elevation band in the 

watershed are as shown in Figure 3.  

Land-use for the KGW was derived through spectral classification of Landsat 5 

Thematic Mapper (TM) satellite images (http://glovis.usgs.gov/). To classify the land-use 

of the basin, I performed an unsupervised classification using the Imagine software 

(ERDAS Inc. 2010).  Our final classification was comprised of 11 different land-use 

classes including forest-evergreen, forest-deciduous, forest-mixed, grassland, rice, corn, 

snow/ice, tundra, water, urban, and others (pasture, bare rock, meadow and wetland) 

(Table 1) (Figure 4).  
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Figure 3. Total sub-basins with elevation gradients and number of elevation band 
developed for the simulation of snow processes in the basin. 
 
 

Table 1. Percent cover of land-use in the KGW obtained using Landsat 5 (TM) satellite 
data. 
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Figure 4. Different land-use and soil distribution of the KGW: (a) land-use and (b) soil 
distribution.  The soil is shown with two different depth classes (a-for shallow soil layer 
and b-for deep soil layer). 
 
 

Soil data with a 400 m spatial resolution were obtained from the Waterbase 

project (http://waterbase.org/download_data.html). I reclassified soil categories according 

to the Food and Agriculture Organization/United Nations Educational, Scientific and 

Cultural Organization (FAO/UNESCO, 2003). User’s soil database was developed based 

on the FAO/UNESCO Soil Map of the World at an original scale of 1:5 million (Batjes, 

1997). The digital datasets were linked to the units shown on the digital Soil Map of the 

World through legend code using ArcGIS software and they were categorized into 

different groups primarily based on the soil characteristics including pH, organic carbon 

content, cation exchange capacity, bulk density, available water capacity, soil texture and 

soil albedo for both topsoil (0-30 cm) and subsoil (30-100 cm). The point specific soil 
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depths were calculated using topographic integration (Zheng et al., 1996). Based on the 

information obtained from FAO/UNESCO soil data, soils were categorized in two 

different layers: shallow layer (<650 mm from surface) and deep layer (>650 mm from 

surface) (Figure 4). Finally, resolution of all of the datasets was made uniform and the 

required spatial datasets were co-registered to the projection of WGS-1984 UTM Zone 

44N using the Arc GIS. Each of the 27 sub-basins of the KGW was further divided into 

one or more hydrologic response units (HRUs) based on the unique combination of 

topographic slope, land-use, and soil type.  I defined 479 HRUs using the thresholds of 5, 

5, and 20% to land-use, soil, and slope classes respectively. Based on the inclusion of 

land-use data, 33 HRUs from 8 different sub-basins have permanent glaciers with the 

total area of 397 km2 and the total volume of 43 km3.  

 
Meteorological Data 
 

The required meteorological inputs for SWAT include daily precipitation, 

maximum and minimum temperatures, net radiation, wind speed and relative humidity. 

For our simulations, I used 31 years (1979-2009) of meteorological data (except solar 

radiation and wind speed) obtained from DHM for two weather stations: Jomsom (28.78o 

N, 83.71o E, elevation: 2744 m) and Baglung (28.26o N, 83.60o E, elevation: 984 m). For 

solar radiation, I used the mountain climate simulator (MT-CLIM) 

(http://www.ntsg.umt.edu/project/mtclim) to estimate shortwave radiation from daily 

input temperature and precipitation data for these two weather stations. Wind data were 

taken from Kagbeni station (28.84o N, 83.78o E, elevation: 2838 m) from 2001 to 2005 

and Surkhet station (28.88o N, 81.25o E, elevation: 950 m) from 1994 to 2008 as 

representative winds for the Jomsom and Baglung stations respectively. Due to large 
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number of glaciers in the basin, it was not possible to estimate the air temperature for 

individual glaciers, however, I considered 3 stations (A: 28.59o N, 83.87o E, elevation: 

5,657 m, slope: 28.35o, aspect: 214.3o from Annapurna mountain region; B: 28.75o N, 

83.39o E, elevation: 6,546 m, slope: 45.49o, aspect: 142.98o from Dhaulagiri mountain 

region; and C: 29.12o N, 83.70o E, elevation: 5,857 m, slope: 4.85o, aspect: 78.69o from 

northern part of the basin) and simulated mean daily air temperature using MT-CLIM for 

the period of 1981 to 1990 using measured data from Jomsom station to incorporate with 

the degree-day model for estimating glacier melt in the basin.  

The temperature and precipitation lapse rates required by SWAT were estimated 

by using meteorological data from two stations: Lumle (28.30o N, 83.80o E, elevation: 

1740 m) and Pokhara (28.12o N, 84.12oE, elevation: 856 m), both of which are located in 

windward side of the basin. The Lumle station indicates the highest precipitation in Nepal 

(>5000 mm/year).  The Pokhara station is situated approximately at 37 kilometers 

southeast of Lumle station. The ranges of local temperature and precipitation lapse rate 

were derived from 31 years (1979-2009) with mean annual data which is presented in the 

following Table 2. 

 
Management Operations 
 

For our simulations, corn was designated as the major crop type cultivated in the 

basin (pers. obsv.).  For crop management operations, land units were considered to be 

terraced, which is a common land management practice in the region (Carson, 1990). 

Cattle-based fresh manure was used as the primary fertilizer for growing corn with 

application rate of 42 kg/ha (Pandey et al., 2009) and tillage operation was used to 

redistribute nutrients to the upper soil layers using traditional plough. The management 
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operations including fertilization, tillage, planting, and harvesting were adopted based on 

the potential heat unit value (representing the number of heat units required to bring a 

plant to maturity) for the corn farming in the region (Table 3).  

 
Table 2. Mean annual temperature (TMP), and precipitation (PCP) of all the 

meteorological stations used for this study including the range of temperature and 
precipitation lapse rates (TLAPS and PLAPS, respectively) estimated from two recording 

sites which provided climate forcing data for the model simulations. 
 

 
aStations used for estimating TLAPS and PLAPS for this study. 
bStations used for incorporation of meteorological data for the model simulations. 
cStation used for calculating potential heat units required for corn cultivation in the basin. 
 
 
Table 3. Management operations adopted in KGW for corn cultivation including the total 

heat units required for plant maturity (PHU) and the total base zero heat units (PHU0). 
The data were generated using 17 years (1979-1995) daily measured air temperature data 

from Syangja station (28.10o N, 83.88o E, elevation: 868 m) as described in SWAT 
documentation. 

 

 
 

 

Climate 
station 
 

Elevation 
(m) 

TMP 
(oC) 

PCP 
(mm) 

TLAPS 
(oC/km) 

PLAPS 
(mm/km) 

aPokhara 
 

856 20.80 
 

3674 
 

(-6.12) - (-4.58) 
 

368 - 2937 

aLumle 
 

1740 16.06 5440 
 

- - 

bJomsom 2744 
 

11.61 264 
 

- - 

bBaglung 984 
 

21.49 
 

1928 
 

- - 

cSyangja 868 
 

20.89 
 

2858 
 

- - 

Date 
 

Operation Base Zero 
Heat Units 

Accumulated 

Plant Heat 
Units 

Accumulated 

Fraction of 
PHU0 

(PHU0 = 7587) 

Fraction of 
PHU 

(PHU = 2066)
May 1, 1979 Terracing - - - - 

May 3 
 

Fertilizer application 2151 - 0.28 - 

May 5 
 

Tillage operation 2197 - 0.29 - 

May 10 
 

Planting corn  
(PHU = 2066) 
 

2314 0 0.31 - 

October 10 
 

Harvest & Kill 6173 2342 - 1.2 
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Model Calibration and Confirmation 
 

Before calibration, the model was first run with SWAT default parameter values 

to compare with measured data for the period of 1981 to 1990; and referred as the pre-

calibration simulation. I then simulated the basin for separate model runs used for 

calibration (1979-1990) and confirmation (1991-1995) at daily time step. I compared 

these simulations to 17 years (1979-1995) of daily stream discharge data taken from the 

gauging station at Seti Beni (28.00o N, 83.60o E, elevation: 546 m) obtained from DHM.  

For calibration, the initial two years were not included in the analysis and used as a spin-

up period for simulations. To assess the effects of orographic precipitation and glacier 

processes in the basin, calibration and confirmation simulations were run in two different 

scenarios: 1) band-no glac: elevation bands were used and glacier melt data were not used, 

and 2) band-glac: elevation bands were used and glacier melt data were used. Calibration 

outputs were then taken as the baseline data to compare with further climate change 

simulations. Calibration and confirmation success was judged by the percent bias (PBIAS) 

(Equation 6). 

 
where Yobs is the measured data and Ysim is the model output. Both calibration and 

confirmation studies consider satisfactory PBIAS values to be < 25% (Van Liew et al., 

2007). 

 The model calibration and confirmation simulations were also evaluated using 

goodness of fit statistics including Nash-Sutcliffe efficiency (NSE) (Equation 7) and 

coefficient of determination (r2).  

∑ 	

∑
100		 6 	
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where Ymean is the mean of measured data. I adopted the rating of NSE value with 

Moriasi et al. (2007). The correlation coefficient of determination (r2) was calculated 

using Microsoft Excel. The higher the r2 value, the lesser the error variance, and typically 

the values > 0.5 are considered acceptable (Santhi et al., 2001). For our analysis, I 

assessed these measures for both daily and monthly model outputs of stream discharge. 

However, monthly simulations were used to estimate climate change impacts on 

hydrological processes of the watershed. 

 
Sensitivity of SWAT Parameters 
 

In this study, model parameters potentially influencing hydrological processes of 

the mountain basin were identified through a detailed review of literature sources which 

apply the SWAT model (e.g., Fontaine et al., 2002; Muleta and Nicklow, 2005; 

Rostamian et al., 2008). During calibration, optimal parameter values were derived from 

a trial and error process in which one parameter was adjusted at a time; however, this 

does not account for the interactions among parameters (Gardner et al., 1980; Downing et 

al., 1985). Only one parameter was changed in each run so the changes in output can be 

unequivocally attributed to the input parameter changed.  Despite some shortcomings of 

computational effort and output changes through selection of other parameters, this 

process has become very useful for SWAT modeling as it is able to analyze sensitivity of 

a large number of hydrologic parameters (Lenhart et al., 2002; Francos et al., 2003). To 

assess the sensitivity of modeled stream discharge, 10 years (1981-1990) daily stream 

discharge data were compared with individual simulations in which selected parameters 

1
∑ 2

∑ 2	 	 7 	
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were altered ±20% from a base value leaving all others constant.  The relative sensitivity 

was evaluated as follows: 

 
where Sr is the relative sensitivity, Op+Δp and Op-Δp are the model outputs of mean stream 

discharge from the simulations with input parameter changes of ±20% respectively, Op is 

the model output of mean stream discharge with base input parameter, ΔP is the absolute 

change in the value of input parameter, and P is the initial value of input parameter. The 

Sr value of the parameters was rated based on the methods described by Lenhart et al. 

(2002). In addition, standardized residual error analysis (White and Running, 1994) was 

done to estimate the uncertainties of model predicted stream discharge values. 

 
Climate Change Scenarios 
 

To assess climate change impacts on watershed hydrology, SWAT simulations 

were run for the period of 2080 to 2089 at a monthly time step.  However, only eight 

years (2082-2089) of simulated data were used for the analyses as I ignored the initial 

two years as model spin-up period.  For this study, I derived the average, minimum, and 

maximum outputs of temperature and precipitation changes projected for the Special 

Report on Emission Scenarios (SRES) including the low (B1), medium (A1B), and high 

(A2) emission scenarios from16 global circulation models (GCMs) 

(http://www.climatewizard.org/) for 2080s. Monthly changes of temperature and 

precipitation data derived from the GCMs were incorporated with the baseline SWAT 

database.  

Mean annual changes of the basin precipitation, stream discharge, snowfall, 

snowmelt, water percolation, groundwater discharge to stream flow, evapotranspiration, 

≅ ∆ ∆ /
2∆

	 	 8 	
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and soil water content were estimated to compare with the simulated baseline data. I 

analyzed the potential seasonal changes in stream discharge of the basin. I also estimated 

the trend of glacier melt over the calibration and confirmation periods. Analyses of 

climate change effects on modeled hydrologic elements were compared with the baseline 

simulation using the following Equation 9. 

 
where Ybase is the baseline output. 

 
Results and Discussion 

 
 

Model Calibration and Confirmation Analysis 
 

The results of pre-calibrated simulation showed low correspondence for PBIAS 

and NSE with values of 56 and 0.21, respectively with daily measured stream discharge 

values (Table 4). The r2 also showed low correspondence with the value of 0.46. For 

monthly simulations, the PBIAS, NSE and r2 values were 56, 0.40, and 0.88, respectively. 

Following the addition of elevation bands coupled with corn cropping, correlation 

between modeled and measured stream discharge were moderate to high as indicated by 

the PBIAS = 3, NSE = 0.79 and r2 = 0.79 for daily simulation during the calibration 

period. For monthly simulations, the PBIAS, NSE and r2 values were 3, 0.85, and 0.85 

respectively. The increase in correlation between simulated and measured stream 

discharge with the inclusion of elevation bands showed the importance of orographic 

precipitation in the basin. While adding the glaciermelt data with elevation band, the 

PBIAS, NSE and r2 values were -0.73, 0.79 and 0.79 respectively for daily simulation. 

The model showed better performance in monthly simulations with the values of -0.76, 

%	 100	 9 	
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0.86 and 0.86, respectively indicating the importance of glacier melt contribution for 

predicting stream discharge of the basin.  

During confirmation period, the PBIAS value was higher in band-no glac scenario 

in both daily and monthly simulations indicating the large average difference between 

measured and model simulated values. However, similar to the calibration, the model 

showed moderate to high correlation with the NSE = 0.76 and r2 = 0.79 for daily 

simulations. For monthly simulations, the NSE, and r2 values were 0.84, and 0.88 

respectively. With the addition of glacier melt data, the PBIAS and NSE values were 14 

and 0.78 respectively for daily simulations. I found the highest accuracy for simulating 

stream discharge during the confirmation period at monthly scale. Finally, simulated 

mean daily stream discharge with a value of 273 m3/s corresponded well with the 

measured value of 271 m3/s. Based on the water balance equation, I calculated a total loss 

of 79 mm (about 4%) of water from the total inflows during the period of 1981 to 1990 

potentially indicating water flux into deep groundwater reservoirs. The shallow-aquifer 

baseflow which was properly reproduced by SWAT (Arnold et al., 2000) is a major 

component of hydrologic modeling in mountainous basins (Luo et al., 2012). I separated 

the baseflow component during pre-calibration period (Figure 5) that showed the 

contribution of 24% to the total annual flow volume with major contribution during low-

flow seasons. 

The hydrographs (Figure 6) obtained from pre-calibrated simulations showed that 

the stream discharge during winter months was consistently underestimated by the model 

for both daily and monthly simulations. For summer months, simulated monthly stream 

discharge values were also lower than the measured values. For daily simulation, peak 
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Table 4. Model performance statistics for pre-calibration, calibration and confirmation 
simulations in both daily and monthly time periods (no band-no glac: elevation bands 
were not used and glacier melt data were not used; band-no glac: elevation bands were 

used and glacier melt data were not used; band-glac: elevation bands were used and 
glacier melt data were used). 

 

 
 

 
Figure 5. Comparison of total stream flow with the baseflow component (The data is 
averaged over the period from 1981 to 1990).  
 
 
flows were overestimated, particularly during summer months. Correspondence of model 

simulated stream discharge with the measured values in both daily and monthly 

Statistics Pre-calibration Calibration 
 

Confirmation 

 no band-no glac band-no glac band-glac band-no glac band-glac 
 Daily Monthly Daily Monthly Daily Monthly Daily Monthly Daily Monthly 
PBIAS 

 
56 56 3 3 -0.73 -0.76 18 18 14 14 

NSE 
 

0.21 0.40 0.79 0.85 0.79 0.86 0.76 0.84 0.78 0.86 

r2 

 
0.46 0.88 0.79 0.85 0.79 0.86 0.79 0.88 0.79 0.89 
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simulations increased for calibration and confirmation periods (Figure 7) with the 

inclusion of elevation bands and glacier melt data. In most of the years, the best fit was 

observed in the spring runoff period, particularly on the rising limb of the hydrographs. 

However, the model overestimated the summer recession values and underestimated the 

winter and early spring base flow components. 

 

 
Figure 6. Pre-calibration hydrographs obtained from model simulations: (a) for daily, and 
(b) for monthly time periods. 
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Figure 7. Hydrographs obtained during model calibration and confirmation periods: (a) 
for daily, and (b) for monthly time periods. 
 

Simulation outputs showed that about 48% of the total annual stream discharge 

was contributed mostly by rain (Figure 8) indicating the importance of monsoonal 

precipitation in the basin. Snowmelt, groundwater, and glacier melt contribution were 

estimated as 9, 14 and 29% respectively. These assessments were supported by the 

findings of Bookhagen and Burbank (2010) who estimated 10% of the stream discharge 
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was derived from snowmelt in the Kali Gandaki basin. Similar modest role of meltwater 

to the stream discharge with substantial role of rainfall contribution was estimated to the 

Ganges basin (Immerzeel et al., 2010). Our estimation was higher than 10% meltwater 

contribution to the annual stream discharge from the three (Koshi, Narayani and Karnali) 

major Nepalese Himalayan watersheds (Anderman et al., 2012). However, our estimated 

value was less than the 59% estimated for the western Himalayan regions (Singh and Jain, 

2002).  I attribute these differences to higher influence of monsoonal precipitation to the 

stream discharge in the central and eastern Himalayas. 

 

 
Figure 8. Stream discharge contribution of the KGW by different source waters obtained 
from model simulations: (a) for yearly, and (b) for seasonal basis. 
 
 

Seasonal analysis of the model outputs showed that rain dominates the stream 

discharge in all the seasons with a maximum contribution of 62% during post-monsoon 

season (Figure 8). Groundwater contribution to the stream discharge was also highest 

during post-monsoon season with an estimate of 17% of surface water derived from 

groundwater reservoirs. Snowmelt contribution was found to be at its highest value of 21% 
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during pre-monsoon season which might be indicating the importance of seasonal 

snowmelt in the basin. However, maximum meltwater from the glaciers may contribute 

34% of the stream discharge during monsoon season. Our results that include SWAT 

stream discharge with estimated glacier melt data are similar to Sharma (1993) who 

showed that snow and glacier meltwater from high elevations contributes substantially (> 

30%) to the stream discharge, mainly during the pre-monsoon period with groundwater 

resources playing an important role during the post-monsoon season. I also estimated a 

trend of glacier melt in the basin with the average rate of 4.4 mm/year during the period 

of 1981 to 1990. Variations in stream discharge are only partially related to changing 

glacier melt of the Himalayan catchments (Thayyen & Gergan, 2010) and therefore long-

term field observations on glacier mass balance might be crucial for projecting 

hydrologic processes of these catchments and for the Ganges River. 

 
Sensitivity Analysis 
 

The results of our sensitivity analysis are shown and ranked in Table 5. From the 

19 parameters I tested, 16 were found to affect the stream discharge.  Three of these, 

snowmelt base temperature (SMTMP), snowfall temperature (SFTMP), and surface 

runoff lag time (SURLAG) were not found sensitive to influence stream discharge of the 

KGW. I found the PLAPS and TLAPS, ranked as 1 and 2 respectively in the table, as the 

most sensitive with potentially higher influence on the accuracy of simulated stream 

discharge. This assessment confirmed that temperature lapse rates are affected by the 

extreme orographic effect of the Himalayas where air is lifted vertical rapidly over short 

distances (Minder et al., 2010) affecting the amount of rainfall and snowfall ultimately 

influencing amount and timing of stream discharge of the basin. 
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Table 5. Sensitivity results with the ranking of key SWAT parameters for stream 
discharge in the KGW including the range of parameter values adopted from Muleta & 

Nicklow (2005) and Rostamian et al. (2008). 
 

 
a Range of these parameters were estimated using temperature and precipitation data from 
local stations as given in Table 2. 
bCalibrated baseline value of this parameter is out of the given range. 
NS indicates as not sensitive. 
 
 

The maximum melt rate for snow (SMFMX) and the snowpack temperature lag 

factor (TIMP) were also found to affect stream discharge of the basin. This is also 

supported by the findings of Wang and Melesse (2005). The higher SMFMX value 

indicated that faster snow melt was required for higher correspondence between modeled 

and measured stream discharge values. Because higher snowmelt rates tend to be 

Parameter Description Range Optimal 
value 

Sr Rank 

aPLAPS Precipitation lapse rate (mm H2O/Km) 368 - 2629 700 0.626861 1 
aTLAPS Temperature lapse rate (oC/Km) (-5.8) - (-4) -5.5 0.603202 2 

SMFMX Maximum melt rate for snow during the year 
(mm/oC-day) 

1.4 - 7.5 7.24 
 

0.039837 3 

REVAPMN Threshold depth of water in the shallow aquifer 
for revap (mm H2O) 

0 - 100 50 
 

0.004127 4 

RCHRG_DP Deep aquifer percolation fraction 0.01 - 0.75 0.01 0.003703 5 

bTIMP Snow pack temperature lag factor  0.5 - 1 0.25 0.003224 6 

SMFMN 
 

Minimum melt rate for snow during the year 
(mm/oC-day) 

1.4 - 7.5 4.31 
 

0.003114 7 

ALPHA_BNK Baseflow alpha factor for bank storage (Days) 0.05 - 1 0.07 0.001509 8 

ESCO Soil evaporation compensation factor 0.001 - 1 0.15 0.001479 9 

GWQMN Threshold depth of water in the shallow aquifer 
required for return flow to occur (mm H2O) 

0 - 100 25 0.001473 
 

10 

CH_K2 
 

Effective hydaulic conductivity in main 
channel alluvium (mm/hr) 

0 - 150 150 
 

0.001321 11 

ALPHA_BF Baseflow alpha factor (Days) 0.001 - 1 0.60 0.001061 12 

GW_REVAP Groundwater "revap" coefficient 0.02 - 0.2 0.14 0.000827 13 

GW_DELAY Groundwater delay time (Days) 0.001 - 100 5 0.000281 14 

CH_N2 Manning's n value for the main channel 0.01 - 0.15 0.11 0.000241 15 

EPCO Plant uptake compensation factor 0.001 - 1 0.01 0.000037 16 

SMTMP Snow melt base temperature (oC) (-2) - 20 5 0.000000 NS 

SFTMP Snowfall temperature (oC) (-10) - 5 1 0.000000 NS 

SURLAG Surface runoff lag time (days) 0.001 - 15 13.38 0.000000 NS 
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associated with increased absorbed radiation (Bengtsson and Westerstrom, 1992), this 

might indicate that snow and ice of the basin may have lower albedos. Recently, satellite-

detected dust plumes from the Arabian Peninsula have also been found to affect snow 

albedo in the Himalayas, particularly during pre-monsoon season (Gautam et al., 2013).  

I estimated the TIMP value lower than the minimum value of 0.5 suggested by Muleta 

and Nicklow (2005).  Snowpack depth is a primary factor affecting the snowpack 

temperature of the mountain system (Fontaine et al., 2002) such that our lower TIMP 

value might be the reflection of extreme cold environment particular to the Himalayas.  

The higher value of 150 mm/hr for channel conductivity (CH_K2) may be related 

to the deep alluvium composed of large sized gravel and sand of the stream channels 

which rapidly transmit water to deeper groundwater (Scanlon et al., 2002). This was also 

related to the lower baseflow alpha factor for bank storage (ALPHA_BNK) with the 

value of 0.07 days which is associated with highly transmissive material of the river 

systems. I obtained a larger channel roughness coefficient (CH_N2) value which might 

be associated with large sized riverbed materials, typical of the Himalayan mountain 

rivers (Soto and Madrid-Aris, 1994).  However, the deep aquifer percolation fraction 

(RCHRG_DP) was calibrated with a minimum value of 0.01. I performed an uncertainty 

analysis of one year model predicted data from the calibration period and it is presented 

in Figure 9. It demonstrated that the model predictions showed significant over and 

underestimation values only during monsoon period with better performance during low-

flow (pre-monsoon and post-monsoon) seasons. 
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Figure 9. Standardized residual error (z-scores) for the SWAT model simulations of 
stream discharge (m3/s) versus measured stream discharge from the KGW. 
 
 
Effects of Climate Change  
 

Projected changes of temperature and precipitation based on GCM-derived 

scenarios for the Jomsom and Baglung meteorological stations are shown in Table 6. 

These data showed that mean annual temperatures were higher than current values 

ranging from 1.3o C to 6o C for the Jomsom station.  This was slightly higher than the 

projected values of 1.2o C to 5.7o C for the Baglung station. Temperature varied monthly 

ranging from 0.5o C to 6.7o C for both of the stations. These data confirm the general 

expectation of warming of the basin under all of the scenarios, with highest temperature 

values for the maximum GCM projection of the A2 scenario and smallest increases for 

the minimum GCM projection of the B1 scenario.  

Simulation outputs showed the changes of projected annual precipitation from -

46.8 % to +62.5 % in Jomsom and -42.5 % to +63.3 % in Baglung stations. Large 

variation in monthly precipitation was found which ranges from -62 % to +177 % for  
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Table 6. Various scenarios for Jomsom and Baglung meteorological stations obtained 
from GCM outputs to use for future hydrologic assessment of the basin: (a) annual and 

monthly average temperature changes (o C), and (b) annual and monthly cumulative 
precipitation changes (in %). 

 
(a) Jomsom station 
Scenario Month 
 1 2 3 4 5 6 7 8 9 10 11 12 Annual 
B1 maximum 4.4 5.2 4.5 4.8 4.2 4.6 3.1 3.6 3.3 3.4 3.5 4.5 4.1 
B1 minimum 1.8 2.3 1.9 1.7 1.0 0.9 0.5 0.9 0.9 1.3 1.2 1.3 1.3 
B1 average 3.1 3.1 3.0 2.9 2.7 2.6 2.2 2.2 2.3 2.4 2.5 3.0 2.7 
A1B maximum 6.4 6.6 5.9 6.1 5.7 6.6 4.7 4.8 4.6 4.9 5.2 6.2 5.7 
A1B minimum 2.9 2.7 2.6 2.4 1.9 1.4 1.5 1.5 1.6 2.1 2.7 2.8 2.2 
A1B average 4.6 4.6 4.3 4.3 4.1 3.7 3.3 3.2 3.4 3.6 3.9 4.3 3.9 
A2 maximum 6.5 6.6 6.7 6.5 5.8 6.7 5.2 5.1 5.0 5.3 5.5 6.5 6.0 
A2 minimum 3.6 3.9 3.3 3.0 2.3 1.8 1.8 1.6 1.7 2.3 2.8 3.3 2.6 
A2 average 5.2 5.1 5.1 5.0 4.7 4.2 3.6 3.7 3.8 4.1 4.4 5.1 4.5 
 Baglung station 
B1 maximum 4.3 4.9 4.5 4.6 3.7 3.7 3.2 3.5 3.4 3.1 3.5 4.4 3.9 
B1 minimum 1.8 1.9 1.8 1.5 0.9 0.8 0.5 0.9 1.1 1.3 1.2 1.5 1.2 
B1 average 3.0 3.0 3.0 2.8 2.5 2.3 2.1 2.1 2.2 2.3 2.4 2.8 2.5 
A1B maximum 5.9 6.2 5.4 5.6 5.2 5.5 4.8 5.1 4.7 4.7 5.0 5.8 5.3 
A1B minimum 2.7 2.7 2.7 2.5 2.0 1.2 1.3 1.8 1.7 2.2 2.4 2.7 2.1 
A1B average 4.3 4.4 4.1 4.1 3.8 3.4 3.0 3.1 3.2 3.4 3.6 4.0 3.7 
A2 maximum 6.4 6.3 6.7 6.4 5.6 5.5 4.8 4.9 4.8 4.9 5.3 6.2 5.7 
A2 minimum 3.5 3.3 3.3 2.8 2.3 1.6 1.9 1.8 1.8 2.4 2.5 3.1 2.5 
A2 average 4.9 4.8 4.9 4.7 4.3 3.7 3.3 3.5 3.6 3.8 4.1 4.7 4.2 
 (b) Jomsom station 
Scenario Month 
 1 2 3 4 5 6 7 8 9 10 11 12 Annual
B1 maximum 20 32 25 33 42 51 72 68 81 104 28 24 48.3 
B1 minimum -45 -28 -33 -46 -33 -38 -39 -34 -19 -47 -46 -38 -37.2 
B1 average -9.6 -7.5 -13.5 -7.9 0.1 6.8 8.1 12.2 16.8 8.8 -8.3 -8.6 -0.2 
A1B maximum 8 31 16 23 50 81 76 59 102 177 60 67 62.5 
A1B minimum -43 -34 -39 -48 -62 -48 -53 -47 -32 -53 -53 -49 -46.8 
A1B average -14.8 -9.4 -12.3 -16.6 0.8 19.3 13.5 14.4 26.2 27.7 -4.9 -5.8 3.2 
A2 maximum 43 4 8 20 46 90 88 70 87 128 92 46 60.2 
A2 minimum -50 -38 -45 -51 -53 -54 -52 -41 -32 -46 -57 -35 -46.2 
A2 average -12.4 -16.7 -16.6 -13.6 2.4 22.3 16 14.7 24.8 19.6 -1.9 -6.8 2.7 
 Baglung station 
B1 maximum 18 31 26 37 48 42 59 52 69 101 28 35 45.5 
B1 minimum -50 -32 -37 -49 -36 -27 -28 -18 -16 -39 -51 -46 -35.8 
B1 average -13.2 -8.4 -13.6 -5.8 3.9 5.4 7.4 12.3 17.1 11.1 -8.4 -11.5 -0.3 
A1B maximum 20 23 49 41 65 55 59 51 77 151 62 107 63.3 
A1B minimum -49 -37 -41 -53 -59 -33 -26 -19 -24 -48 -57 -64 -42.5 
A1B average -17.7 -11.7 -10.1 -15.6 7.2 14.4 13 14.3 26.4 29.3 -3.6 -6.1 3.3 
A2 maximum 42 5 9 48 61 64 67 69 68 141 97 53 60.3 
A2 minimum -54 -43 -47 -57 -50 -34 -24 -23 -27 -49 -55 -44 -42.3 
A2 average -16.4 -17.3 -16.6 -9.1 8.9 16.9 15.4 15.6 25.1 25.1 2.1 -9.8 3.3 
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Jomsom station and from -64 % to +151 % for Baglung station. Generally, precipitation 

amount was projected by all the GCM models to be higher during summer months, 

presumably associated with monsoonal intensification; and lower during winter months. 

The magnitude of changes in projected precipitation was surprisingly large indicating 

some difficulty in predicting meteorology in the Himalayas with such high topographic 

relief. This is due to the extreme topographic variation in the Himalaya Mountains for 

which orographic effect on seasonal climatology is characterized (Beniston, 2003). 

Our simulations showed that the precipitation distributed across the basin was 

higher for the average and maximum and lower for the minimum of all SRES types 

compared to the baseline simulation (Figure 10a).  These precipitation differences 

corresponded with similar differences in the stream discharge in the same scenarios, 

respectively (Figure 10b). The range of mean annual stream discharge changes were from 

-21.90 % in the minimum of A2 scenario to +39.42 % in the maximum of A2 scenario 

corresponding with relative changes of precipitation from -18.22 % to +36.92 % in the 

same scenarios respectively.  

Model simulations indicated that both snowfall and snowmelt decreased for all 

climate change scenarios (Figure 10c & 10d). Snowfall decreased by an average of 10.12 % 

in the minimum of B1 scenario and 30.43 % in the maximum of A2 scenario which might 

affect the volume of glaciers at higher peaks of the mountain regions. Similar snowmelt 

changes of -9.26 % and -29.33 % was estimated in the same scenarios, respectively. The 

Himalaya Mountains are the repositories of fresh water resources in the form of 

permanent ice and snow sustaining the 10 largest rivers in Asia. However, the substantial 

decrease in snowfall and glacier mass coupled with continued climate change can have 
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long-term effects on stream discharge of the Himalayan headwaters that may reduce 

water availability mainly during dry seasons (Xu et al., 2009). 

 

 
Figure 10. Mean annual changes of (a) precipitation, (b) stream discharge, (c) snowfall, 
(d) snowmelt, (e) water percolation, (f) groundwater contribution to stream discharge, (g) 
evapotranspiration, and (h) soil water content in the basin from the baseline in different 
GCM scenarios. 
 
 

Water percolation controls the infiltration rate and groundwater recharge. Our 

modeled data (Figure 10e) showed that the range of soil water percolation changes was 

from -23 % in the minimum of A2 scenario to +15 % in the maximum of B1 scenario. 
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This process was likely higher in the maximum scenarios due to higher precipitation 

predicted under these scenarios. Estimated ranges of groundwater contribution to the 

stream discharge was from -23 % in the minimum of A2 scenario to +15 % in the 

maximum of B1 scenario (Figure 10f). On average, the projected groundwater 

contribution was found lower indicating a reduction in future sustainability of in situ 

mountain groundwater resources. These data confirm that the maximum soil water 

percolation and groundwater contribution to the stream discharge corresponded with the 

increased precipitation of 31% in the same scenario.  

 Due to warmer projected temperature, evapotranspiration (ET) rates were higher 

for all the scenarios (Figure 10g). The range of changes in ET was from +1% in the 

minimum of B1 scenario to +38% in the maximum of A2 scenario corresponding with 

similar temperature increase scenarios of the basin. Due to higher temperature and 

evapotranspiration, soil water availability in the basin was estimated to be lower in all the 

scenarios (Figure 10h). The range of changes in soil water was from -5% in the maximum 

of B1 scenario to -14% in the minimum of A2 scenario. These estimates might indicate 

reduced future soil water availability as a function of a future climate with higher PET 

which may lower agricultural production of the region (Thomas, 2000). 

The ranges of projected seasonal stream discharge change in the basin were from 

-6.2 % to -5.3 % during pre-monsoon; +5.4 % to +8.7% during monsoon; and +1.7% to 

+3.9 % during post-monsoon seasons (Figure 11).  These simulates indicated that most 

influence occurred during summer months. Maximum decrease of the stream discharge 

was predicted in A2 scenario during pre-monsoon season and maximum increase was 

estimated in the same scenario during monsoon season. This indicated for the A2 
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scenario, potential hydrological-related disasters (e.g. flood, landslide) that currently 

occur during the monsoon season in the basin would be enhanced by higher flows. 

Similar to the prominent impact of continued climate change on seasonal waters 

reported by Singh and Bengtsson (2004), our simulations also indicated seasonal 

influences to the stream discharge which might affect water availability for irrigation 

and hydropower generation downstream of the watershed. 

 
Figure 11. Potential seasonal stream discharge changes of KGW for different GCM 
scenarios (Pre-monsoon: March-May, Monsoon: June-September, and Post-monsoon: 
October-February). 
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CHAPTER THREE 
 

A Snapshot Comparison of Environmental Tracers for Estimating Sub-surface Water 
Contribution to Recession Flow in a Mountain Stream 

 
 

Introduction 
 

Groundwater contribution to streams is important as management of limited water 

resources must account for all yield and potential storage sources that affect 

socioeconomic planning (FAO, 1998; Brodie et al., 2007). In mountainous watersheds, 

the amount of groundwater composition of streamflow is difficult to determine as 

complex geologic and geomorphic factors influence vertical and horizontal groundwater 

transmission. Groundwater contribution to streams has been traditionally estimated by 

analytical methods based on calibrated well and stream flow data (Winter et al., 1998). 

Environmental tracers such as isotopic composition of water (δ18O and δ2H) and radon 

(222Rn) have been used to assess sources, timing, and quantity of groundwater exfiltration 

into streams (Cook et al., 2003, 2006, 2012; Stellato et al., 2008; Unland et al., 2013). 

Estimation of groundwater addition to mountain headwater streams from hydrogeologic 

data (e.g., Winter, 2001), coupled with geochemical tracers, is potentially a powerful 

method for refining sources, flux, and transmission path analyses (e.g., Manning and 

Solomon, 2003; Smerdon et al., 2009; Kuras et al., 2008; Winter et al., 2008).  

Field measurements such as water temperature, pH and electrical conductivity 

have been used to determine groundwater contribution to stream water (Cook et al., 2003; 

Rodgers et al., 2004; Song et al., 2006; Stellato et al., 2008; Rautio and Korkka-Niemi, 

2011; Unland et al., 2013) as groundwater with different temperature is added to the 
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surface waters (Loheide II and Gorelick, 2006). The δ18O and δ2H values of water are 

also widely used to study exchange between ground and surface waters (McCarthy et al., 

1992; Ojiambo et al., 2001). These isotope ratios can be ideal tracers since they comprise 

the water molecule and may provide insights on hydrological processes of a region 

(Gibson et al., 2005; Lambs et al., 2005; Song et al., 2006; Kattan, 2008). Similar to 

stable isotope technique, solute concentration of the water is also used to assess the 

interaction between ground and surface waters (Stellato et al., 2008; Yang et al., 2012) 

due to higher concentration of solutes in groundwater, such as Na+ and Cl-, present as a 

function of dissolution (Genereux and Pringle, 1997; Cook et al., 2003; Genereux, 2004; 

Cartwright et al., 2011). Combined analysis of solute concentration with water 

temperature also have been used to distinguish ground and surface water sources as 

varying concentrations are affected by rock mineralogy and exposure time (Stellato et al., 

2008).  

222Rn is an intermediate daughter product in the decay series of 238U with a half-

life of 3.8 days. Elevated 222Rn concentration, referred to as activity, in streams is 

indicative of recent groundwater inputs (Cook et al., 2003, 2006, 2012; Mullinger et al., 

2007; Burnett et al., 2010). Because 222Rn concentration in groundwater is substantially 

higher than in stream water (Corbett et al., 1997), measured concentration differences in 

these two sources can be used to estimate the location and amount of groundwater 

contribution to a stream (Guida et al., 2013). Because streams may be both gaining and 

losing within a reach, incomplete representation of stream hydrology may complicate 

assessment of groundwater exfiltration (Covino and McGlynn, 2007). However, once the 

groundwater containing 222Rn discharges to the stream water, there is a known and 
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consistent decrease of 222Rn downstream due to degassing and radioactive decay that 

helps reduce uncertainty in sub-surface hydrologic connectivity (Mullinger et al., 2007; 

Cook, 2012; Knee and Jordan, 2013).  

In addition to groundwater from basin deep-flow return, hyporheic water 

contributes to the total groundwater contribution to streams that is derived from the 

alluvial aquifer directly connected to the streams both vertically and laterally (Gooseff, 

2010). Hyporheic water can significantly contribute to stream discharge though with low 

222Rn activity values due to the assumed shorter time of storage in the hyporheic zone 

(Cook et al., 2006; Lamontagne and Cook, 2007). Most previous studies have not 

considered the interpretation of environmental tracers data with regard to possible 

exchange between stream and hyporheic water associated with alluvial streambeds. 

However, recent studies have focused on inclusion of hyporheic exchange with stream 

water using 222Rn mass balance equations (Cook et al., 2006; Lamontagne and Cook, 

2007).  

In this study, I show that in a mountain headwater system the geologic setting for 

which a stream flows through may vary the amount of groundwater contribution to the 

stream. To assess this I used multiple tracers (δ18O, δ2H, Ca++, Na+, Mg++, SO4
--, Cl-, NO3 

and 222Rn) all of which had the potential to indicate point-source addition of groundwater 

to a flowing mountain stream. Finally, by analyzing patters of tracer concentrations 

within the stream, I estimated groundwater proportion and derivation of the total water 

discharge during recession flow influenced by geomorphology in a headwater basin. 
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Materials and Methods 
 
 

Description of the Study Site 
 

I studied the McDonald Creek watershed located in Glacier National Park, USA, 

with an area of 441 km2 and an elevation range of 940 to 2,837 m (Figure 12). Most of 

the watershed’s landscape is dominated by evergreen forests (about 69%) intermingled 

with grassland (10%), bare rock (10%), water (7%), and permanent snow and ice (1%) 

(http://nris.mt.gov/). The upslope bedrock includes stratum dominated by Proterozoic 

limestone, argillite, sandstone, and dolomite while the valley bottoms are comprised of 

Quaternary glacial till interbedded with recent alluvium and colluvium deposits (Whipple, 

1992). The watershed is a steep, glaciated valley with 37% of the total area having 

greater than a 45o slope. The upper portion of McDonald Creek is composed of a 

dominant meandering channel with numerous small waterfalls before entering to Lake 

McDonald. 

The McDonald Creek watershed’s average annual precipitation is 91 cm with 52% 

as rain and 48% as snow (Finklin, 1986; White and Running, 1994). The minimum 

January temperature of the watershed is -11.2oC and maximum temperature reaches up to 

-3oC whereas the July temperatures are 8 and 26oC, respectively. Analysis of 32 years 

(1980-2011) of precipitation (http://daymet.ornl.gov/) and 72 years (1940-2011) of 

stream discharge data (http://waterdata.usgs.gov/nwis) indicated that 24, 22, 26, and 28% 

of total precipitation contributed during spring (March-May), summer (June-August), 

Fall (September-November), and winter (December-February) seasons, respectively that 

corresponded to 39, 45, 9, and 7% of total stream discharge contribution in the same 

seasons, respectively (Figure 13) (Thornton et al., 2012). Maximum annual discharge 
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Figure 12. Map of the McDonald Creek watershed with the relative location within North America including dominant streams, 
lakes, waterfalls and water sampling locations. The topographic slope is shown using the gray scale.  
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contribution value was analyzed during summer months with minimum precipitation 

potentially due to higher summer temperatures and rain-on-snow events that increase 

snowmelt. However wettest months, minimum stream discharge was analyzed during 

winter season that might be due to less meltwater contribution caused by freezing air 

temperatures (White and Running, 1994). 

 

 
Figure 13. Hydrograph showing mean monthly precipitation, including snow and rain. 
Snow values are presented in water equivalent values of mm. The 32 years (1980-2011) 
of precipitation data are derived from West Glacier site (48.49o N, -114.01o E, elevation: 
996 m) acquired online (http://daymet.ornl.gov) for tile #12453 and 72 years (1940-2011) 
stream discharge data have been taken from United States Geological Survey (USGS) 
gauging station #12358500 located at the confluence of McDonald Creek and Middle 
Fork of the Flathead River. 

 
 

Water Sampling 
	

Water samples were collected during August, 2013 with 31 samples collected 

from 25 locations within McDonald Creek watershed. The timing of this collection 

intentionally coincided with recession of stream discharge with assumed higher 

groundwater contribution to streamflow. Samples were taken from mountain divide to the 
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valley bottom. The focus of our sampling included the main stream channel that extended 

approximately 38 km from the upper most site referred to as MCD-14 to the outlet below 

Lake McDonald referred to as MCD-07 (Figure 12). Of the total samples collected, one 

water sample was taken from top of the mountain derived from fresh snowmelt 

(Meltwater), 21 from the main stream (SW), four from tributaries (TR), two from terrace-

ponds (TP), one from a well (Well), and two from springs (Spring). The terrace ponds 

were assumed to have formed from past meander cutoffs of McDonald Creek with 

potential hydrological connection to the main stream channel through sub-surface alluvial 

material. 

Field measurements included temperature (oC), pH (HANNA 98127, Smithfield, 

RI) and electrical conductivity (EC) (μS/cm) (HANNA 9033, Smithfield, RI). Both the 

instruments were calibrated at the start of each day. Measurements were recorded from 

fresh water samples with values monitored in situ until the instrument showed no change 

in value over a minute of observation. At each stream location, width and depth of the 

channel were determined using a handheld laser, and water velocity estimated using the 

simple float method at the time of water sample collection.  

Water samples that were later analyzed for isotope ratios (δ18O and δ2H) and 

solute concentrations (Ca++, Na+, Mg++, SO4--, Cl-, and NO3-) were collected in 50 ml 

narrow necked glass bottles with Teflon lined caps and were returned to Baylor 

University for analysis. For 222Rn measurements, water samples were collected by 

immersing empty 250 ml glass bottles 10 cm below the water surface to avoid exposure 

with air. Bottles were then sealed underwater using Teflon lined caps and insulated. All 

stream water samples were collected near the middle of the stream channel. The spring 
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samples were collected directly from discharge locations and the terrace-pond samples 

were taken 10 cm below the water surface in the approximate middle of each pond. A 

well water sample was collected after purging the well for five minutes. To assess 

potential diurnal variation in 222Rn activity, additional water samples were collected at 

9:40 am, 1:00 pm, and 6:00 pm during 6th of August, 2013 from MCD-12 and MCD-06 

as sites representing the upper and lower ends of McDonald Creek above Lake 

McDonald, respectively. 

 
Analytical Methods 
  

Stable isotopes of oxygen and hydrogen were determined by the Stable Isotope 

Laboratory at Baylor University by continuous spectrometry (Finnigan GasBench II) 

using Delta V Advantage IRMS for isotopic measurements. Isotope ratios were reported 

as per mil (‰) (Equation 10) relative to Vienna Standard Mean Ocean Water (VSMOW) 

standard using the delta (δ) notation (Gonfiantini et al., 1995).  

 
where Rx and Rs are the isotopic ratios of the sample and standard, respectively. Results 

were presented as parts per thousand deviation from the VSMOW standard with 

analytical precision of ±0.09‰ for oxygen and ±1.2‰ for hydrogen. The solute 

concentrations were measured using a Waters Quanta capillary electrophoresis 

instrument. The precision of our measurements was better than +/- 5% based on replicate 

analyses. The outputs of solute concentration measurements from each water sample 

were graphically represented in a distribution plot (not a Piper diagram since NO3- is 

used instead of HCO3-).  

	‰	 	 	 1 1000 10 	
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For 222Rn measurements, samples were analyzed within about 4 hours of 

collection to minimize the loss of radon due to radioactive decay. For each sample, the 

activity of dissolved 222Rn was measured using the RAD7 (Durridge Inc. Billerica), 

equipped with a water probe and a RAD7H2O radon-in-water grab sample accessory. To 

reduce contamination of the samples from ambient radon, the RAD7 instrument was 

purged for a minimum of 30 minutes before each test. In addition, a blank sample 

composed of distilled water without radon was tested before each sample run.   

 
222Rn Mass Balance Calculations  
 

For this study, I used a simple mass balance model (Equation 11) to calculate 

groundwater discharge for stream sections using 222Rn, similar to those of Genereux and 

Hemond (1992), Cook et al. (2006), and Mullinger et al. (2007). 

 
 
where Q is the stream discharge (m3/day), Cr is the concentration of 222Rn in the stream 

(Bq/m3), x is the distance downstream (m), I is the groundwater inflow rate (m3/m/day), 

Cgw is the groundwater radon concentration (Bq/m3), w is the stream width (m), E is the 

evaporation rate (m/day), Fh is the flux of 222Rn from the hyporheic zone (Bq/m/day), kv 

is the degassing coefficient (day-1), H is the stream depth (m), and λ is the radon decay 

constant (0.181/day). This model is assumed if concentration of 222Rn in the atmosphere 

and suspended sediments of streams is negligible (Cook et al., 2006; Mullinger et al. 

2007). Due to very limited samples from the study site, I considered the average 222Rn 

value from the springs and well water samples as a representative groundwater 222Rn 

activity for this study. Groundwater inflow rate (I) for stream segment was calculated by 

rearranging the Equation 11.  

Q 11 	
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 To assess potential 222Rn loss from the McDonald Creek watershed stream water, 

I used a stagnant film model (Lewis and Whitman, 1924; Broecker and Peng 1982; 

Elsinger and Moore, 1983; Cook et al., 2003) that assumes the gas transfer through 

water-atmosphere boundary layers occur by molecular diffusion throughout the depth and 

therefore degassing rate constant (kv) is defined as  

where D is the molecular diffusivity of 222Rn (m2/s) for the temperature of stream water 

and z is the thickness of boundary layer (m). The molecular diffusivity of 222Rn depends 

mainly on water temperature (T in K) and was estimated by an empirical relation as in 

Equation 13 (Peng et al., 1974). 

For this study, I assumed cascading reaches of the stream to have minimal contribution of 

groundwater to the stream sections due to high stream flow velocities. Background 222Rn 

activity (all expressed in Bq/m3) of streambed sediment flux of the cascade sections was 

estimated using Equation 14 (Ellins et al., 1990) as follows. 

where Cb is the background 222Rn activity in stream water, Ca is the actual radon activity 

downstream and Cp is the predicted radon activity downstream. Assuming no 

groundwater contribution to the stream water, the decrease in 222Rn activity downstream 

is caused by molecular diffusion to the atmosphere (Danckwerts, 1951). Therefore, any 

differences in observed and predicted values should be due to 222Rn flux between stream 

water and the air. 

		 	 	 	 12 	

LogD
980

	 1.59	 	 13 	

	 	 	 	 14 	



46 

  The stagnant film model represents the water and atmosphere as well-mixed 

reservoirs with 222Rn transfer occurring by molecular diffusion across a stagnant film of 

air located above the water surface. The 222Rn flux density depends on the activity 

gradient and conductance of the stagnant boundary layer. The thicker the stagnant layer, 

the smaller the flux of 222Rn from stream water to the atmosphere. The stagnant film 

thickness was predicted based on Equation 15 (Wu et al., 2004). 

where z is the thickness of the stagnant layer between stream water and atmosphere (m), 

L is the distance between sampling stations (m), v is the velocity of stream water (m/s), 

Cu and Cd are the activity values of 222Rn (Bq/m3) at upstream and downstream 

measurement sites, respectively. The derived value of z was then used to estimate 222Rn 

activity at points downstream based on reference value of Cu where turbulent stream 

water losses of 222Rn were accounted for using the Equation 16. 

 
The 222Rn mass balance is hard to constrain for the hyporheic zone exchange. 

Some studies have not considered the 222Rn production in the hyporheic zone but it can 

be of significance in streams with low groundwater inflows (Cook et al., 2006; 

Lamontagne and Cook, 2007) or where groundwater 222Rn concentration is generally low 

(Cook et al., 2006). 222Rn fluxes in stream reaches that have no groundwater contribution 

must derive from the hyporheic zone if the contribution from suspended matter is 

negligible. Re-arranging Equation 11 and assuming that the terms I and dCr/dx are 0, flux 

from the hyporheic zone can be estimated from Equation 17. 

	
	 	 	 	 15 	

. / 	 	 	 16 	
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Due to potential hydrological connection of terrace-ponds to the stream channel through 

sub-surface alluvial materials, the average 222Rn activity value analyzed from these pond 

samples was considered as the representative hyporheic sample for our calculations. 

Stream water infiltrating into the hyporheic zone will increase in 222Rn concentration 

until equilibrium is reached, however depending on the residence time, concentration 

may vary. As concentration of 222Rn in the hyporheic zone is generally unknown, it is 

commonly assumed that minimum concentrations measured in stream water reflect 

potential additions from Fh (Cook et al., 2006; Cartwright et al., 2011). However, 

increase in stream 222Rn concentration due to evaporation and hyporheic exchange is 

much smaller than groundwater flux (Ellins et al., 1990).  

 
Results 

 
 

 Temperature, pH and Electrical Conductivity 
 

Overall water temperatures were lower with increasing distance downstream in 

the watershed (Figure 14). The temperature of main stream water samples varied widely 

from 9.8 to 21.9oC with an average of 15.2oC (Table 7). Average water temperature of 

the tributaries (11.4oC), and springs (9.0oC) were lower than the average stream 

temperature. The average temperature values of terrace-pond and well water samples 

were 15.5 and 15.4oC, respectively, similar to the stream water temperature. Diurnal 

stream water temperatures differed between two measured locations (MCD-12 and MCD-

06; Table 8). Maximum temperature of 16.7oC was measured for MCD-12 at 6:00 pm 

compared to 18.9oC for MCD-06 at 1:00 pm during sampling period. Both sites had 

minimum water temperature values of 9.8 and 11.7oC, respectively at 9:40 am. The pH 

		 17 	
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value of the water samples increased downstream in the watershed (Figure 14). For 

stream samples, the pH value ranged from 8.2 to 8.7 with an average of 8.3. The average 

pH of the water from spring, terrace-pond and well samples had slightly lower values of 

8.0, 7.9, and 8.2, respectively. The EC values of the stream water decreased downstream 

that ranged between 101 and 121 μS/cm, with an average of 108 μS/cm. The average EC 

values from tributaries and terrace-ponds were 85 and 66 μS/cm, respectively. However, 

the maximum EC value, 145 μS/cm, was measured from the spring samples.  

 
Figure 14. Water sample temperature, pH, and electrical conductivity values collected 
from main channel of the McDonald Creek watershed are shown with distance where (a) 
Temperature (oC), (b) pH, and (c) Electrical conductivity (μS/cm).  
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Table 7. Mean measurements of temperature (oC), pH, electrical conductivity (μs/cm), δ18Owater (‰), δ2Hwater (‰), Ca++ (mg/L), 
Na+ (mg/L), Mg++ (mg/L), SO4

--(mg/L), Cl- (mg/L), NO3
- (mg/L) and 222Rn (Bq/m3) of the main stream, tributary, meltwater, 

spring, terrace-pond, and well water samples. 
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Table 8. Diurnal variation in measured parameters of the water samples collected from 
MCD-12 and MCD-06 sites (Figure 12) in the McDonald Creek watershed. 

 

 
 

Stable Isotope Composition of Water 
 

The δ18O (VSMOW) values for all the water samples ranged from -17.6 to -16.5‰ 

and the δ2H values ranged between -133 and -121‰ (Table 7). For stream water, δ18O 

and δ2H values ranged from -17.5 to -16.9‰ and -128 to -124‰, respectively. The spring 

water had average values of -17.6‰ and -127‰ for δ18O and δ2H, respectively compared 

to -17.5‰ and -129‰ for tributary water samples, respectively. The well water sample 

had similar values of -17.6‰ and -126‰ for δ18O and δ2H, respectively. Comparison of 

stable isotope ratios of water samples with the local meteoric water line (LMWL) is 

shown in Figure 15. Most water samples had δ18O and δ2H values located slightly above 

the LMWL. A notable outlier was the stream water sample taken from outlet of the Lake 

McDonald (MCD-07) which when plotted on the LMWL, was clearly separate from the 

other samples. The water sample from a tributary (MCD-01) had δ18O and δ2H values 

that was plotted on the LMWL. Most of the water samples grouped toward lower end of 

the LMWL indicating cool conditions associated with the water source. The terrace-pond 

samples had the values that were positioned above and right of the LMWL. The δ18O and 

δ2H values of the water samples from main stream channel of the watershed presented in 

Figure 16 showed increasing delta values with distance downstream. Minimum δ18O 

value of -17.5‰ was measured from the sample at 0.1 km and minimum δ2H value of -

Description MCD-12 MCD-06 
 9:40 am 1:00 pm 6:00 pm 9:40 am 1:00 pm 6:00 pm 
Temperature (oC) 9.8 15.4 16.7 11.7 18.9 16.4 
pH 8.4 8.2 8.4 8.3 8.4 8.4 
EC (μs/cm) 107 104 110 106 109 109 
222Rn (Bq/m3) 2,257 1,284 1,088 39 155 155 
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128‰ at 3.5 km distance downstream of the main channel. Maximum stream δ18O and 

δ2H values of -17.3 and -124‰ were measured at 18.4 and 19.1 km distances 

downstream, respectively. 

 

 
Figure 15. Values of δ18O versus δ2H activity for water samples taken from the 
McDonald Creek watershed [local meteoric water line; slope - 8.3, intercept - 13.7 and r2 

- 0.98 from 501 data points, Kendall and Coplen (2001)]. 
 
 
Solute Chemistry 
 

Our analysis showed a relatively higher concentration of cations than anions in 

the water samples (Table 7). The dominant cation was Ca++ with smaller amounts of Na+ 

and Mg++ (Figure 17). The Ca++ measured in main stream water samples ranged from 

12.8 to 22.5 mg/L with an average of 18.5 mg/L compared to 4.7 mg/L measured from 

meltwater. The average Ca++ concentrations were 14.2, 10.9, and 15.9 mg/L for tributary, 

terrace-pond, and well water samples, respectively. Maximum Ca++ concentration was 

measured in the spring water sample with an average of 37.2 mg/L. The range of Na+ 
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concentration for main stream water samples was from 1.4 to 5.0 mg/L with an average 

of 3.1 mg/L. The average Na+ values were 4.1, 5.5, and 4.2 mg/L for tributary, terrace-

pond, and well water samples, respectively, with maximum value of 8.5 mg/L measured 

from the spring sample and minimum value of 1.1 mg/L measured from the meltwater 

sample. Similarly, the Mg++ concentration for main stream water samples ranged from 

2.9 to 4.6 mg/L with an average of 4.0 mg/l compared to 0.9 mg/L from the meltwater 

sample. The tributary, terrace-pond and well water samples had average Mg++ values of 

2.4, 2.9 and 3.7 mg/L, respectively, with maximum concentration value of 4.7 mg/L in 

the spring water sample. The SO4
--concentration for stream water ranged from 1.6 to 2.8 

mg/L with an average of 2.1 mg/L. The average SO4
--concentrations for tributary, terrace-

pond and well water samples were 1.1, 1.9 and 1.0 mg/L, respectively, with maximum 

and minimum values of 2.8 and 0.1 mg/L for spring and meltwater samples, respectively. 

The Cl- measured in main stream water samples ranged from 0.1 to 0.4 mg/L with an 

average of 0.2 mg/L compared to 0.1 mg/L measured from the meltwater sample. The 

average Cl- concentration values were 0.1, 0.2 and 0.9 mg/L for tributary, terrace-pond 

and well water samples, respectively, with the smaller value of 0.1 mg/L for spring water 

sample. Measured NO3
- concentration for main stream water samples had a range 

between 0.2 and 0.6 mg/L with an average of 0.4 mg/L compared to 0.2 mg/L from 

meltwater sample. The tributary, terrace-pond and well water samples had average NO3
- 

values of 0.2, 0.4 and 0.4 mg/L, respectively. The spring sample had an average of 0.3 

mg/L. Solute concentrations (except SO4
--) in water samples were slightly higher 

downstream of the main channel (Figure 18).  
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Figure 16. Isotopic composition of the water samples collected from main channel of the 
McDonald Creek watershed on August of 2013: (a) δ18O and (b) δ2H. 
 
 

 
Figure 17. Distribution plot of solute compositions of meltwater, terrace-pond, main 
stream, tributary, spring and well water samples in the McDonald Creek watershed. 
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Figure 18. Analysis of solute concentrations measured for the water samples with distance downstream of main channel of the 
McDonald Creek: (a) Ca++, (b) Na+, (c) Mg++, (d) Cl-, (e) SO4

--, and (f) NO3
-. 
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222Rn Activity 
 

Water samples had variable 222Rn activity values ranging from 39 to 17,427 

Bq/m3 (Tables 7 and 8). No 222Rn activity was detected in the tributaries that were 

contributed directly from meltwater sources; however, a meltwater sample collected from 

top of the watershed (MLT01, Figure 12) had 116 Bq/m3 of 222Rn activity. In the main 

channel, 222Rn activity of stream water samples ranged from 39 to 2,646 Bq/m3, with an 

average of 729 Bq/m3. The spring, terrace-pond and well water samples had higher 

average values of 2,316, 9,102 and 17,427 Bq/m3, respectively. For water samples 

collected from the stream, 222Rn activity was 194 Bq/m3 at MCD-14, the uppermost point 

sample, to a peak value of 2,646 Bq/m3 for MCD-23 located at 7.9 km downstream 

(Figure 19). The minimum 222Rn activity value of 78 Bq/m3 was measured for MCD-06 

at 19.3 km distance downstream located at the inlet of Lake McDonald. Diurnal changes 

in 222Rn activity measured from two observation sites (MCD-12 and MCD-06) showed 

opposite trends over time (Figure 20). For MCD-12, maximum 222Rn activity value of 

2,257 Bq/m3 measured at about 9:40 am was reduced at 1:00 pm with a value 1,284 

Bq/m3 with the lowest value of 1,088 Bq/m3 measured at 6:00 pm on 6th of August, 2013. 

Lower 222Rn activity corresponded with higher water temperature. In contrast, for MCD-

06, the 222Rn activity increased in value from 39 to 155 Bq/m3 with increase in 

temperature from 11.7 to 18.9oC at 9:40 am and 1:00 pm, respectively. But, 222Rn activity 

value remained same at 6:00 pm with a lower temperature value of 16.4oC. 
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Figure 19. Radon activity (Bq/m3) measured from stream water samples with estimated 
discharge values at increasing distance along main channel of the watershed. The upper 
sampling site, MCD-14 is used as the reference for distance with the total length of the 
channel beyond this point estimated to be 14 km to the top of the watershed.  
 
 

 
Figure 20. Diurnal changes of 222Rn activities at two locations (MCD-12 and MCD-06) of 
the McDonald Creek watershed sampled on 6th of August 2013: (a) 222Rn activity and (b) 
temperature. 
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222Rn Mass Balance and Groundwater Fluxes 
  

 Predicted boundary layer thickness, 222Rn molecular diffusivity, and loss of 222Rn 

activity due to diffusion are presented in Table 9. Estimated thickness values of water-air 

boundary layers using the input data from MCD-08, MCD-05, MCD-17 and MCD-16 

were 7.2×10-5, 1.2×10-5 and 2.5×10-7 m, respectively. Modeled 222Rn molecular 

diffusivity values for each of these locations were 9.2×10-10, 1.0×10-9, 9.1×10-10 and 

9.2×10-10 m2/s, respectively. Molecular diffusion of 222Rn was found to be associated 

with 222Rn decrease in cascade system of the stream channel. I estimated a change in 

222Rn activity from each location of the cascade region, with -37 Bq/m3 between MCD-05 

and MCD-17 along 790 m distance. Maximum change of -427 Bq/m3 was modeled 

between MCD-17 and MCD-16 over the distance of 400 m. Similarly, the values of 

degassing coefficient (kv) for main stream sections using Equation 12 ranged between 

0.002 and 521 day-1, with an average of 129 day-1. 

 
Table 9. Predicted loss of 222Rn activities in cascade region of the watershed due to 

diffusion and stream sediment flux. The values were estimated based on thickness of 
boundary layer, 222Rn molecular diffusion and channel characteristics. 

 

 
 
 

Channel characteristics & 222Rn modeling outputs Sampling sites 
MCD-08 MCD-05 MCD-17 MCD-16 

Length (m) 0 4680 790 400 
Width (m) 35 23 32 12 
Average depth (m) 0.49 0.61 0.37 0.61 
Flow velocity (m/s) 0.30 1.60 2.12 1.79 
Discharge (m3/s) 5.26 22.35 24.48 13.15 
Thickness of boundary layer (m) - 7.2×10-5 1.2×10-5 2.5×10-7 
222Rn molecular diffusivity (m2/s) 9.2×10-10 1.0×10-9 9.1×10-10 9.2×10-10 
Loss of 222Rn activity due to diffusion (Bq/m3) - 77.7 37.0 427.4 
Loss of background 222Rn activity (Bq/m3) - 0 0 0 
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Groundwater fluxes at different stream sections were calculated using Equation 

11. From 14 sampling sections of the main channel, three sections (MCD-04, MCD-10 

and MCD-16) at 3.5, 12.1 and 18.2 km distances, respectively downstream were 

calculated as losing sections. Total groundwater flux between MCD-14 and MCD-06 

(19.3 km) of the main stream stretch ranged between 3,084 and 2,20,122 m3/day, with an 

average of 70,710 m3/day during August (Figure 21) that reflected between 0.3 and 29% 

of total stream discharge during same period of time. Maximum groundwater flux was 

estimated at MCD-23, between 4.6 and 7.9 km, and minimum flux was calculated at 

MCD-18, between 17.8 and 18.4 km of the stream stretch. 

 

 
Figure 21. Groundwater flux (m3/day) estimates including the percentage contribution 
from hyporheic zone for sampled sections of the McDonald Creek obtained from 222Rn 
mass balance calculations. 
 
 

Hyporheic 222Rn flux for each stream section of the McDonald Creek was 

calculated using Equation 17. Due to cool average water temperature of the stream 

samples (13.9oC), I ignored the evaporation loss of 222Rn for our calculations. Therefore, 



59 

I estimated the range of hyporheic contribution between 40 and 90% of the total 

groundwater inputs, with an average of 60% for 19.3 km stream stretch of the McDonald 

Creek (Figure 21). The maximum hyporheic contribution was calculated at 18.4 km and 

the minimum contribution was estimated at 12.3 km distances downstream of the 

watershed. However, the rate of exchange may vary according to season and sampling 

locations as a function of groundwater input and topographic slope of the location. 

 
Discussion 

 
Based on the 222Rn data, I constructed a conceptual, hydro-geomorphological 

model representing the dominant features that potentially influencing groundwater 

interaction with streamflow in the upper McDonald Creek watershed (Figure 22). This 

model represents the recession flow period of the creek based on the time-constrained 

sampling conducted for this study. The upper section of the creek contains steep slopes 

with thin soils that intensifies surface runoff and soil erosion with less groundwater 

recharge due to low soil infiltration (Liu et al., 2000). Physical constriction of the 

McDonald Creek was found to be associated with anomalously high values of EC and 

222Rn activity (Figure 22A). This constriction was also associated with strike and dip of 

basement rocks oriented upstream potentially providing a direct, and a unique 

groundwater point of exfiltration. Several small tributary inputs originating from top of 

the mountains deliver meltwater directly to the main stream confirmed by our finding of 

little or no 222Rn activity and diluted solute concentrations (Figure 22B). Constriction of 

the stream was followed by widening of the channel that included subsequent vertical 

drops featuring cascades corresponding to lower 222Rn activity values (Figure 22C). This 

observation was the impetus for modeling 222Rn degassing. The terrace-ponds (Figure 
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22D) were considered to be highly influenced by groundwater as meander cutoffs with 

higher than average 222Rn activity of 9,102 Bq/m3. Finally, near the inlet into Lake 

McDonald, seepage was observed during sampling from the joints of exposed limestone 

rocks forming the eastern stream bank with strike and dip orientation of these rocks 

directly into the stream (Figure 22E). This corresponded to elevated 222Rn activity 

measured at this location. 

 

 
Figure 22. A conceptual representation of the upper McDonald Creek watershed with 
unique hydro-geomorphological features identified. The watershed is comprised steep 
slopes in headwater regions with a wide channel that becomes constricted coupled with 
upstream orientation of the strike and dip of basement rocks strata. A series of cascades 
are present near the inlet of Lake McDonald. (Note: A: Valley constriction with strike 
and dip of basement rocks strata with higher radon activities, B: Tributary input from 
snowmelt with no radon, C: Cascades cause loss of radon due to aeration, D: Terrace-
pond with higher radon activity and E: Bedrock dip controls local seepage and increases 
radon). 
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No groundwater addition could be detected from temperature and pH data 

collected. The average EC values measured in tributaries was lower than the average of 

main stream water samples likely due to direct and rapid runoff from melting snow at the 

top of the mountain with low soil depth and solid bedrock (Hoy, 2012). The terrace-

ponds had lower mean EC values of 66 μS/cm despite obvious groundwater contribution 

confirmed by high 222Rn activities, potentially due to biological assimilation of humic 

substances enhancing the formation of neutral inorganic ion pairs in the calcium-rich 

water of the watershed (Cunha-Santino and Bianchini-Junior, 2004). The higher EC 

values measured in the spring samples is likely due to mineral dissolution within the 

aquifer formations with evaporite origin (Petelet-Giraud et al., 2007). Observed δ18O and 

δ2H values of water showed differential isotopic enrichment of input water sources that I 

attribute to early snowmelt and glacier meltwater based on data positioning relative to a 

regional LMWL (Kendall and McDonnell, 1998; Liu et al., 2008). Relatively lower 

solute concentrations were found in water samples collected from the McDonald Creek 

compared to other studies are likely due to dilution from meltwater that dominated stream 

flow at the time of sampling (Cook et al., 2003; Zhang et al., 2008; Yang et al., 2012). 

The dominance of Ca++, Mg++ and SO4
-- reflects the general carbonate lithology of the 

watershed (Ross, 1959; Whipple, 1992). In overall, analysis of the solute concentrations 

including δ18O and δ2H values of the water samples were not found so informative to 

discern groundwater inflows compared to the 222Rn mass balance estimate.  

I observed large variation of 222Rn activity in stream water with the range of 39-

2,646 Bq/m3 in the McDonald Creek watershed during August of 2013. This was 

substantially higher than the range of 110-390 Bq/m3 measured from the Border Rivers in 
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Australia originated from rugged mountains (Baskaran et al., 2009) supporting the 

general conclusion of groundwater addition to McDonald Creek during the study period. 

Our finding of elevated 222Rn activity at specific locations (Figure 19) indicated the 

potential of point-source inputs of groundwater discharge to the stream (Rogers, 1958). 

For example, the peak stream water value of 2,646 Bq/m3 at 7.9 km (MCD-23/Figure 

22A) coincident of maximum EC (121 μS/cm) and Cl- (0.4 mg/L) supported this 

conclusion (Cook et al., 2003). Upstream of this site, I observed large alluvial deposits 

underlying the stream bottom replaced by solid rock and narrowing of the stream channel 

at the sampling point. Alluvial groundwater was likely forced out at the constriction 

providing a point injection of hyporheic water associated with the higher 222Rn activity. 

In addition, the solid rock formation that formed this constriction is composed of the 

contact between Grinnell and Empire Formations with strike and dip of the contact of 

these units geologically oriented upstream potentially enhancing deep return flow 

groundwater addition to the stream with seepage transmitted through these layered 

sedimentary rocks, although as a countercurrent (Whipple, 1992). Previous studies using 

222Rn to assess groundwater contribution to streams have not generally considered 

geologic and geomorphic features as important features affecting localized exfiltration 

(e.g. Stellato et al., 2008; Guida et al., 2013; Knee and Jordan, 2013; Yu et al., 2013). 

Our study demonstrates why geology “matters” when considering surface-groundwater 

interactions where subsurface flow is severely confined. 

Within the cascades located in the watershed (Figure 22C), I found potentially 

higher molecular diffusion of 222Rn from the stream water supported by zero values 

found for background 222Rn activity (Table 9). Maximum estimated loss of 427 Bq/m3 
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between MCD-17 and MCD-16 along 400 m distance of the channel was likely enhanced 

by thinning of the boundary layer associated with shallow, fast-moving water of the 

cascades. The maximum loss rate calculated from these cascades was lower than 3,791 

Bq/m3 estimated by Wu et al. (2004) that was likely due to water for a longer distance (42 

km) along the Heihe River, China. However, lower diffusion value of 370 Bq/m3 was 

estimated by Hofmann (2011) along 25 km distance of a low gradient river in Australia. 

Lower 222Rn molecular diffusivity values predicted for cascades of the McDonald Creek 

were a function of cooler water temperatures (Peng et al., 1974). I confirmed this in 

which I found that the diurnal change in 222Rn activities at MCD-12 was significantly 

inversely proportional with water temperature (P<0.05) (Figure 20). Warmer water 

temperature elevates 222Rn molecular diffusion decreasing the solubility of 222Rn in water 

[(Peng et al., 1974; Clever, 1979 (c.f. Satomi and Kruger, 1982)]. In contrast, I found 

222Rn activity increased for MCD-06 with increase in temperature, though not 

significantly. This result was likely due to groundwater input from bank-side seepage into 

the stream (Figure 22E) observed during sample collection. Because sampling for this 

study was carried out only for 4 days (6 samples from single day for diurnal variation 

analysis), I note these results as being important factors to consider for both point 

sampling of 222Rn activity.  More sampling is required to assess the temperature effects 

on 222Rn activity patterns and if they are temporally persistent. Sampling in different 

months throughout the year also necessitates for conclusive separation of seasonal 

influence in 222Rn activities over the watershed. Because temperature may affect the 

calculation of 222Rn diffusion, it also affects mass balance estimates of groundwater 

contribution at different times of day and year. 
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Assuming small temperature variation effect for the time period, my calculations 

showed that most sections of the McDonald Creek are gaining (I>0 m3/m/day) except 

MCD-04, MCD-10 and MCD-16 at 3.5, 12.1 and 18.2 km distances downstream, 

respectively. For site MCD-23 where the peak stream 222Rn activity value was measured 

(Figure 22A), the estimated groundwater discharge of 2,20,122 m3/day corresponded 

with 29% of the total stream discharge during our sampling period. This high percentage 

again highlights on the potential for geomorphic features controlling groundwater 

exfiltration into surface waters. At 19.3 km distance below the cascade region of the 

watershed groundwater exfiltration was calculated to be 3,084 m3/day, or 0.3% of the 

total stream discharge, based on the site 222Rn activity value. The range of these estimates 

may reflect uncertainties attributed in estimating the degassing coefficient value (kv), 

hyporheic flux estimates (Fh), and the variability of groundwater 222Rn concentration 

(Cgw). Among these, Cgw shows the highest sensitivity to 222Rn (Cartwright et al., 2011); 

therefore, more data are required for better representation of local groundwater 222Rn 

concentration throughout the watershed. Similarly, hyporheic exchange also increases 

222Rn activities in stream water where 222Rn concentration in groundwater is naturally 

low (Lamontagne and Cook, 2007; Cartwright et al., 2011; Cook, 2012). I estimated 60% 

of  total groundwater inputs from hyporheic contribution indicating that the alluvial of the 

headwater basin is likely significant temporary storage reservoir for both deep-flow water 

from the basin in gaining portions of the stream as well as infiltrated stream water in 

losing portions of the stream.  The surprising variability in exfiltration and hyporheic  

proportionality of groundwater for such a relatively small reach indicate complexity in 

interpreting basin-scale hydrologic budgets based on over-simplified conceptual flow 
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paths. I acknowledge the limitations of the data collected and the need for better data on 

hyporheic zone exchange rates to help constrain estimation of groundwater inputs for the 

McDonald Creek.  

Integrated values from the mass balance model showed that 5.9% of the total 

stream discharge within the upper McDonald Creek was contributed by groundwater 

sources during August of 2013 and the remaining portion was derived from meltwater. 

This value was smaller than the 14% predicted from simulation of a monsoon dominated 

Himalaya Mountain system (Neupane et al., 2013). However, watershed point estimates 

ranged between 0.3 and 29.0%, demonstrating that groundwater contribution to stream 

flow may be variable based on channel’s hydro-geomorphological features. For the 

McDonald Creek watershed, larger than expected proportion of streamflow was sustained 

by surface runoff, primarily from melting residual snowpack at high elevation in the 

watershed. These results suggest that low groundwater contribution coupled with less 

snowfall and earlier melting associated with continued climate change may potentially 

reduce baseflow in this mountain headwater system (Fagre et al., 1997; White et al., 

1998).  
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CHAPTER FOUR 
 

Predicting Monsoonal-driven Stream Discharge and Sediment Yield in Himalaya 
Mountain Basins with Changing Climate and Deforestation 

 
 

Introduction 
 

The accessibility of clean water, as an essential ecosystem service, is a crucial 

component for sustainable management of a watershed system (Mark and Dickinson, 

2008). This has become more challenging due to changing climate and land-management 

practice, specifically in the Himalaya Mountains where elevation ranges from 60 m 

above mean sea level to more than 8,000 m within a north-south distance of about 197 

km (Hannah et al., 2004). This extreme elevation range combined with potential climate 

and land use change affects stream discharge in this unique mountain headwater system 

(Ma et al., 2010). For example, monsoon precipitation accounts for 80% of total input to 

this mountain range (Sharma, 1993) that may increase the risk of hydrological-related 

disasters such as flood and landslide in steep meandering channels. This risk is further 

enhanced by exposed rocks without vegetation cover located at higher altitude that 

increases surface runoff and sediment yield (Summerfield and Hulton, 1994; Ludwig and 

Probst, 1998). These events reduce the water supply and hydro-electricity generation as 

transported sediment lowers storage capacity of downstream reservoirs (Monirul and 

Mirza, 2003).  

 The South-Asian monsoon precipitation initiates from south-eastern part of the 

Himalayan range and weakens towards north-western part so its contribution is 

substantial in eastern Himalayan region with glacier expansion during summer months 
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(Asahi and Watanabe, 2004; Bookhagen et al., 2005). In contrast, the western regions are 

predominantly influenced by westerly winds causing snowfall at higher elevation with 

glacier advance during winter months (Barros et al., 2006). These climatic differences 

result for higher snowmelt contribution (up to 50%) to the total annual stream discharge 

of far western Himalayan basins compared to eastern basins (~25%) (Bookhagen and 

Burbank, 2010). Therefore, these basins are likely to show different responses to 

continued climate change that potentially differentiate meltwater contribution to 

discharge of the rivers.  

 Land use, a major global research issue (Foley et al., 2005), also affects surface 

runoff, stream discharge, and sediment transportation due to change in rainfall 

interception, evapotranspiration, and surface soil hydraulic conductivity (He et al., 2008; 

Germer et al., 2009; Scheffler et al., 2011; Munoz-Villers and McDonnell, 2013; Yan et 

al., 2013). Managing seasonal flood and river water quality due to changes in 

evapotranspiration from different land-cover types has become a major challenge, though 

with little change in annual discharge value (Guo et al., 2008). In Nepal, high population 

growth has resulted in rapid land use change (Ives, 1987; Rai and Sharma 1998). 

Seasonal hydrologic changes directly influence crop production of high mountain regions 

(Kaltenborn et al., 2010). Land use change caused by natural and human-induced 

modifications also substantially influence downstream water availability and sediment 

supply to streams (Chalise and Khanal, 1997; Trimble, 1999; Van Rompaey et al., 2002). 

For example, in the Nepalese Himalaya Mountains higher soil erosion in Siwalik Hills 

has increased deposition of sediment onto the fertile Terai plains converting fertile 

agricultural land into large areas of relatively barren soil (Nayak, 1996; Ghimire et al., 
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2013). Deforestation has become a major problem after government’s resettlement 

program that destroyed a total 103,968 ha of forests in Siwalik Hills and Terai plains 

from 1950’s to the mid-1980’s (MPFS, 1988). The loss of forest cover has been mostly 

due to excessive fuelwood extraction, intensive livestock grazing, and expansion of 

agricultural land area. Land use change effects, specifically associated with deforestation, 

also have created social and political problems due to changes in water supply to lowland 

areas (Walker, 2003). 

Hydrological models are commonly used to study the effect of land management 

on the hydrological cycle, mainly focused on surface runoff processes (Karvonen et al., 

1999; Felix et al., 2002). These models may include representation of hydrological 

processes and associated water quality issues including sediment loading of surface water 

(Luo et al., 2008). The Soil and Water Assessment Tool (SWAT) is a quasi-distributed 

hydrological model that has been used to estimate climate change effect on stream 

discharge and groundwater recharge of mountain basins (Stonefelt et al., 2000; Eckhardt 

and Ulbrich, 2003; Gassman et al., 2007; Song and Zhang, 2012; Neupane et al., 2013). 

Some studies have also used SWAT for assessing land use/management change effect on 

watershed hydrologic responses including surface runoff and sediment yield (Fohrer et al., 

2001; Tripathi et al., 2005). However, only few studies are focused on the Himalaya 

Mountains for predicting future hydrologic response in changing climate coupled with 

land use modification. The major objectives of this study are: (1) to assess the inherent 

different climate influences on water budgets of two Himalaya Mountain basins 

representing the east and west margins of Nepal and (2) to assess potential climate 
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change, land use change and combined climate and land use change effect on future 

water availability of these important basins through simulation modeling.  

 
Materials and Methods  

	
	
Study Site 
	

For this study, I chose two Himalayan drainages located at eastern and western 

margins of Nepal including the Tamor River Watershed (TRW) and Seti River Watershed 

(SRW), respectively (Figure 23). The Tamor River originates from Kanchanjunga 

Mountain and has a total catchment area of 6,111 km2. The Seti River originates from 

Api and Saipal mountains with total catchment area of 7,379 km2. These rivers are major 

headwater reaches that eventually feed the Ganges River. The elevation for the Tamor 

basin ranges from 139 to 8,422 m above mean sea level (amsl). For the Seti basin, 

elevation ranges from 327 to 7,043 m amsl. Geologically, the basins are composed of 

Paleozoic-Mesozoic Tethyan Sediment Series, with metamorphic gneisses, migmatites 

and Proterozoic sediments that form a fractured basement aquifer system that may 

significantly influence groundwater contribution to stream discharge of the basins 

(Anderman et al., 2012). The dominant soils of both basins, derived from the WaterBase 

project (http://waterbase.org/download_data.html), are Cambisols and Leptosols. 

Cambisols are moderately developed soils distributed at lower elevation with higher 

vegetation productivity and Leptosols are shallow soils primarily distributed in the upper 

mountainous regions with steep slopes. 
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Figure 23. The Tamor and Seti river watersheds located at eastern and western margins of 
Nepal, respectively with the hydro-meteorological stations used in this study. 
 
 
 Nepal has three distinct climatic zones that varies from sub-tropical in southern 

valleys and foot slopes to alpine in the high mountains and is broadly based on elevation 

including: sub-tropical (<1800 m), temperature (1800-4000 m), and alpine (>4000 m) 

(Polunin and Stainton, 2000). However, the sub-tropical zone of western Himalayan 

region is limited to elevation of < 1400 m due to extreme colder winter months. At lower 

elevations, hot summers have daily temperature of 40oC with total annual rainfall ranging 

from 1,500 to 2,000 mm (Ichiyanagi et al., 2007; Neupane et al., 2013). Cold and dry 

conditions are common at higher elevations with the average temperature and 



 
 

71 
 
 

precipitation values of 11oC and 257 mm, respectively (Pohle, 1991). While Nepalese 

watersheds are highly influenced by monsoonal precipitation, water budgets are mainly 

influenced by snowfall at higher elevations (Sharma, 1993). 

 
Modeling Approach 
	

The study simulated runoff yield using ArcGIS interface of the SWAT (version 

2009) (http://swat.tamu.edu/software/arcswat/) which is a river basin model developed 

for the U.S. Department of Agriculture (USDA) by Blackland Research Center in Texas 

(Arnold et al., 1998; Neitsch et al., 2009). The hydrological component of SWAT is 

based on the Equation 1. I used the commonly applied runoff curve number method to 

estimate surface runoff in the basins (Loague and Freeze, 1985). Potential 

evapotranspiration (PET) was estimated using Penmann-Monteith procedure (Monteith, 

1965) which is based on the energy balance components. The net water yield (WYLD in 

mm) to the stream channel was estimated using the Equation 3.  

Snowmelt was computed by SWAT using a mass balance approach. First, the 

amount of snowmelt (mm of H2O/day) was estimated by using the Equation 4. To 

characterize glacier processes in the basins, a classical degree-day model (Singh et al., 

2006) was used as explained in Neupane et al. (2013). However, the degree-day factor for 

glacier melt data in this study was calculated by the following equation (Neitsch et al., 

2009). 

where bgmlt,6 is the melt factor for June 21st (mm H2O day-1oC), bgmlt,12 is melt factor for 

December 21st (mm H2O day-1oC), and t is the day of year.  

d ,6 ,12

2
,6 ,12

2
.

2

365
81 18 	
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 For this study, soil interflow was computed by the kinematic storage model 

(Sloan and Moore, 1984) that accounts for soil hydrological conductance, soil moisture, 

and slope. The baseflow was calculated by the following equation (Arnold et al., 1998; 

Neitsch et al., 2009). 

where Qgw,i is the groundwater flow into the main channel on day i (mm), Qgw,i-1 is the 

groundwater flow into the main channel on day i-1, αgw is the baseflow recession constant, 

Δt is the time step (1 day), and wrchrg is the amount of recharge entering the aquifer on 

day i. 

 
Input Data   
	

Model inputs for SWAT include topography, soil, vegetation, weather/climate, 

land management, and stream discharge. The accuracy of model output is highly 

influenced by the spatial and temporal resolution of input data used. Therefore, I used a 

30 × 30 m resolution Global digital elevation model (DEM) obtained from the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer 

(http://gdem.ersdac.jspacesystems.or.jp/search.jsp) for delineating sub-basin and also for 

defining topographic attributes such as area and slope with minimum drainage area 

threshold value of 130 km2. For this process, I used ArcSWAT that automatically 

delineates sub-basins using grid-based DEM data. From the basin delineation process, the 

Tamor and Seti basins were divided into 27 and 33 sub-basins, respectively. Finally, I 

defined elevation bands in each sub-basin for about 500 m change in elevation to better 

, , 1 1 19 	
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represent orographic precipitation patterns with snow accumulation and melt processes in 

these steep mountain basins (Fontaine et al., 2002). 

 Land use data for both basins were derived through spectral classification of 

Landsat 5 Thematic Mapper (TM) satellite images (http://glovis.usgs.gov/). The TM data 

for Tamor basin were derived from the Path/Row of 139/41 and 140/41 acquired from the 

year of 2009. For Seti basin, these data were derived from the Path/Row of 144/39 and 

144/40 obtained from the same year. To minimize scene brightness differences between 

the two datasets associated primarily with solar irradiance angles, a histogram matching 

procedure was applied using Imagine software (ERDAS Inc. 2013). Next, the data were 

corrected for topographic-induced brightness differences using the topographic 

normalization algorithm (Equation 20) in the Imagine software where radiometric 

distortion of the images was normalized assuming them as a flat surface.  

where BVnormal λ is the normalized brightness value, BVobserved  λ is the observed brightness 

value, and cos i is the cosine of incidence angle. The cosine of incidence angle was 

computed by the following equation. 

  where θs is elevation of the sun, θn is slope of the surface, Φs is azimuth of the sun, and 

Φn is aspect of the surface. The solar elevation and solar azimuth data were obtained from 

the header file of the images. To classify land use of the basins, I first performed an 

unsupervised classification using the Imagine software on the corrected TM data with 50 

nominal classes representing different spectral features of the basins. These classes were 

interpreted by comparing class values with a coarse scale land use map derived from the 

	 	 / 	 20 	

cos cos 90 	 sin 90 cos Φ Φ 21 	
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WaterBase project. This classification resulted in 10 different land use classes including 

forest-evergreen, forest-deciduous, forest-mixed, grassland, rice, corn, snow/ice, tundra, 

rock, and human settlement (Figure 24). 

 
Figure 24. Land use class of the basins derived from Landsat 5 (TM) satellite data: (a) 
Tamor basin and (b) Seti basin. 
 
 
 Soil data with a resolution of 400 × 400 m were obtained from the WaterBase 

project. I developed a user’s soil database required for the SWAT model based on the 

FAO/UNESCO Soil Map of the World (Batjes, 1997) that linked to the units of digital 

soil map through soil mapping unit codes using ArcGIS (version 10.0 ESRI Inc.) 

software. Attributes were assigned to each type of soil including depth, saturated 
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hydraulic conductivity and content of clay, silt, and sand (FAO/UNESCO, 2003). To 

derive soil depth data at 30 × 30 m resolution, I used topographic integration (Zheng et al., 

1996) that were classified into shallow soil layer (<30 cm from surface) and deep soil 

layer (>30 cm from surface) to use for simulation modeling. The topographic saturation 

index (TSI) (Beven and Kirkby, 1979) was used as a proxy for correcting topography of 

the basins to calculate point soil depth based on maximum soil depth value obtained from 

FAO/UNESCO soil data. The soil characteristics were then combined with land use and 

slope to determine hydrologic response units (HRUs) for each sub-basin. Finally, to 

account most of the attributes from the basins, I defined 563 and 640 HRUs for Tamor 

and Seti basins, respectively using a minimum area threshold value of 5% for each land 

use, soil and slope categories.  

 
Meteorological Data 
	

Required meteorological inputs for SWAT include daily precipitation, maximum 

and minimum temperature, relative humidity, solar radiation, and wind speed. For this 

study, I used 31 years (1979-2009) of data obtained from the department of hydrology 

and meteorology (DHM), Nepal for two weather stations from each basin with recorded 

values of precipitation, maximum and minimum temperature, and relative humidity that 

included: (a) Terhathum and Phidim from the Tamor basin, and (b) Patan and Silgadi 

from the Seti basin (Table 10). Solar radiation for each station was estimated for the 

entire data record by applying the mountain climate simulator (MT-CLIM) 

(http://www.ntsg.umt.edu/project/mtclim) that uses daily temperature and precipitation 

data as model inputs. Due to lack of long-term wind measurement from the basins, five 
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years (2001-2005) data from Kagbeni station (28.84o N, 83.78o E, elevation: 2,838 m) 

were used as representative data for Terhathum station and 15 years (1994-2008) data 

from Surkhet station (28.88o N, 81.25o E, elevation: 950 m) were used as representative 

winds for Phidim, Patan, and Silgadi stations. To account for glacier melt data, three 

stations from each basin (Table 10) were used to simulate mean daily air temperature 

applying the MT-CLIM model for the period of 1981 to 1990  using measured data from 

the Phidim and Silgadi stations for the Tamor and Seti basins, respectively and 

incorporated with the degree-day model. Temperature and precipitation lapse rates 

required by the SWAT to distribute daily meteorological variables by elevation bands 

within each sub-basin were derived from a previous study conducted in central Himalaya 

Mountains of Nepal (Neupane et al., 2013). 

 
Table 10. The hydro-meteorological stations with their spatial locations used in this study 

for hydrological simulations 
 

Note: TRW for Tamor River Watershed and SRW for Seti River Watershed 
 
 
Management Operations 
 

For both basins, corn and rice were considered the major cultivated crop types. 

For planting, land units were considered to be terraced, a common land-management 

Station Type Latitude (o) Longitude (o) Elevation (m) Slope (o) Aspect (o) 
Mulghat Hydrology 26.93 87.32 276 3.39 219.29 
Banga Hydrology 28.97 81.14 328 34.15 243.75 
Terhathum Meteorology 27.13 87.55 1,633 28.66 37.56 
Phidim Meteorology 27.15 87.75 1,205 24.12 315 
Patan Meteorology 29.46 80.53 1,266 - - 
Silgadi Meteorology 29.26 80.98 1,360 31.14 201.43 
Station A (TRW) Meteorology 27.69 88.12 6,367 24.5 149.21 
Station B (TRW) Meteorology 27.86 88.13 6,214 42.42 208.9 
Station C (TRW) Meteorology 27.94 87.85 5,869 28.00 156.44 
Station A (SRW) Meteorology 29.88 81.49 6,477 50.97 240.23 
Station B (SRW) Meteorology 30.00 81.13 5,993 43.5 136.77 
Station C (SRW) Meteorology 29.95 81.02 6,112 42.15 177.09 
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practice in Nepal (Carson, 1990). The primary fertilizer for growing corn and rice was set 

to cattle-based fresh manure with an application rate of 42 and 71 kg/ha, respectively 

(Pandey et al., 2009). Traditional ploughing was used for redistributing nutrients to the 

upper soil layers through tillage operations. For all management operations including 

fertilization, tillage, planting and harvesting, I adopted the potential heat unit value 

(number of heat units required to bring a plant to maturity) for corn and rice farming in 

the basins (Neitsch et al., 2009) (Table 11). 

Table 11. Management operations adopted in the basins for corn and rice cultivation 
including the total heat units required for plant maturity (PHU) and the total base zero 

heat units (PHU0). The data were generated using 24 years (1979-2002) of daily 
measured air temperature data from Phidim and Silgadi stations as described in SWAT 

documentation: (a) Phidim station and (b) Silgadi station. 
 

 

Date 
 

Operation Base Zero 
Heat Units 

Accumulated 

Plant Heat 
Units 

Accumulated 

Fraction of 
PHU0 

(PHU0 = 8,024) 

Fraction of 
PHU 

(PHU= 993 & 1,465) 
January 10, 1979 Terracing - - - - 

January 13 Fertilizer 
application 

186 
 

- 0.02 
 

- 

January 15 Tillage 
operation 

214 
 

- 0.03 
 

- 

January 20 Planting corn  
(PHU = 993) 

286 
 

0 0.04 
 

- 

May 30 Harvest & Kill 3,027 1,443 - 1.45 

July 5 Tillage 
operation 

3,981 
 

- 0.50 
 

- 

July 10 Planting rice 
(PHU = 1,465) 

4,114 
 

0 0.51 
 

- 

August 10 Fertilizer 
application 

4,933 
 

- 0.61 
 

- 

October 20 Harvest & Kill 6,714 1,597 - 1.09 

 Date 
 

Operation Base Zero 
Heat Units 

Accumulated 

Plant Heat 
Units 

Accumulated 

Fraction of 
PHU0 

(PHU0 = 7,731) 

Fraction of 
PHU 

(PHU= 911 & 1,391) 
January 10, 1979 Terracing - - - - 

January 13 Fertilizer 
application 

175 
 

- 0.02 
 

- 

January 15 Tillage 
operation 

202 
 

- 0.03 
 

- 

January 20 Planting corn  
(PHU = 911) 

270 
 

0 0.03 
 

- 

May 30 Harvest & Kill 2,906 
 

1,338 
 

- 
 

1.47 

July 5 Tillage 
operation 

3,832 
 

- 0.50 
 

- 

July 10 Planting rice 
(PHU = 1,391) 

3,960 
 

0 0.51 
 

- 

August 10 Fertilizer 
application 

4,755 
 

- 0.62 
 

- 

October 20 Harvest & Kill 6,479 
 

1,514 
 

- 1.09 

 

(a)

(b)
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Model Calibration and Confirmation 
 

Before calibrating the model, simulations for the period of 1981 to 1990 were 

compared with measured stream discharge data using SWAT default parameter values 

referred as the pre-calibration simulation. Subsequent simulations were organized by first 

establishing a calibration (1979-1990) and confirmation periods (1991-1995). For these 

two periods, I used daily stream discharge data from the gauging stations at Mulghat and 

Banga for Tamor and Seti basins, respectively. For calibration, the initial 2 years of 

simulated outputs were disregarded as a warm-up period that allows the model to cycle 

multiple times to minimize the effect of user estimated parameter values (Zhang et al., 

2007). Also, to assess the effect of orographic precipitation and glacier melt processes in 

the basins, calibration and confirmation simulations were run in two different scenarios: 

(1) band-no glac: elevation bands were used and glacier melt data were not used and (2) 

band-glac: both elevation band and glacier melt data were used. These calibration outputs 

were considered as the baseline data to compare with potential climate and land use 

change simulations described later. For each analysis, simulated stream discharge data 

were compared to the measured values on a daily basis and the model performance was 

evaluated using Nash-Sutcliffe efficiency (NSE) (Equation 7) and Percent Bias (PBIAS) 

(Equation 6) indices (Moriasi et al., 2007). The NSE indicates how well the plot of 

measured versus simulated data fits the line with higher NSE values associated with 

higher accuracy of model outputs. The PBIAS measures an average tendency of the 

simulated data to be larger or smaller than their measured counterparts, with lower 

PBIAS values indicating the higher accuracy of model simulations. 
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 The outputs obtained from model calibration and confirmation simulations were 

also evaluated using goodness of fit statistics including root mean square error (RMSE) 

(expressed in m3/s throughout the paper) (Equation 22) and coefficient of determination 

(r2). 

where   is the simulated discharge (m3/s) at time step i and Qi is the observed discharge 

(m3/s). Microsoft Excel was used to compute the correlation coefficient of determination 

(r2) with the values > 0.5 considered acceptable (Santhi et al., 2001). Although I used 

both daily and monthly stream discharge data during calibration and confirmation periods, 

only monthly data were used for potential climate and land use change simulations as 

described later. 

 
Sensitivity of SWAT Parameters 
 
 To assess SWAT parameters potentially influencing hydrological processes in our 

study basins, I performed a sensitivity analysis based on focal group of model parameters 

that were identified from previous studies (e.g., Fontaine et al., 2002; Muleta and 

Nicklow, 2005; Rostamian et al., 2008; Neupane et al., 2013). Optimal input parameter 

values were derived from manual calibration procedure as explained in Neupane et al. 

(2013), and the relative sensitivity of each parameter was computed as in the Equation 8. 

The sensitivity analysis was performed comparing 10 years (1981-1990) of daily 

measured stream discharge data with model simulation outputs. Uncertainties of model 

simulated stream discharge values were also evaluated using standardized residual error 

analysis (White and Running, 1994). 

1 ∑ ′ 2
1 					 22 	
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Climate and Land Use Change Scenarios 
 
 For this study, I derived the average outputs of temperature and precipitation 

changes estimated for the Special Report on Emission Scenarios (SRES) including low 

(B1), medium (A1B), and high (A2) emission scenarios from 16 global circulation 

models (GCMs) (http://www.climatewizard.org/) for 2080s. To estimate climate change 

effects on watershed hydrology including basin precipitation, stream discharge, and 

sediment yield in different scenarios, the mean monthly temperature and precipitation 

data derived from GCMs were incorporated with the baseline SWAT database. Then, 

SWAT simulations were run for the period of 2080 to 2089 at monthly basis; however, I 

ignored the initial two years data for analysis as model warm-up period.  

Land use change effect on watershed hydrological processes were carried out in 

three potential scenarios. The effects of three potential land use scenarios on SWAT 

simulation modeling were evaluated and include: (a) Scenario-I: assumed that the 

forested land (deciduous and mixed forests) from lower elevation (<2,500 m) and lower 

slope (<25o) was converted into agricultural land (corn field in this study), (b) Scenario-II: 

assumed deforestation at lower elevation (<3,000 m) and slope (<30o) to convert into 

grassland, and (c) Scenario-III: assumed the forested land, agricultural land and grassland 

with low elevation (<3,500 m) and slope (<10o) were used for human settlement (Table 

12). These scenarios resulted in new land used maps (Figure 25) based on the satellite-

derived land use and topographic data. The land use data derived for each scenario were 

incorporated into the SWAT model for determination of new HRU’s for each sub-basin, 

with the same set of parameters that was used during calibration period. For estimation of 

land use change effects on watershed hydrology, model simulations were run as in 
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climate change scenarios (explained earlier). Finally, I also estimated the influence of 

future climate on stream discharge and sediment yield of the basins coupled with 

potential land use scenarios. However, simulation outputs obtained from all these 

scenarios were compared with the baseline simulation data using the Equation 9. 

 
Table 12. Three potential land use scenarios developed for the basins based on 

topographic attributes including elevation and slope. 
 

 
 

 
Figure 25. Potential land use scenarios for the basins (upper figures for the Tamor basin 
and lower figures for the Seti basin): (a) after expanding agricultural land as Scenario-I, 
(b) after destroying forested land as Scenario-II, and (c) after expanding settlement area 
as Scenario-III. 

Scenario Description 
 

Scenario-I Deciduous and mixed forests from lower elevation (<2,500 m) and lower slope 
(<25o) were converted into agricultural land 
 

Scenario-II Forested land from lower elevation (<3,000 m) and slope (<30o) was converted 
into grassland 
 

Scenario-III Forested land, agricultural land, and grassland from lower elevation (<3,500 m) 
and slope (<10o) were converted into human settlement area 
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Results and Discussion 
 
 

Historical Data Analysis of Precipitation and Stream Discharge 
 
 Figure 26 shows mean monthly precipitation and stream discharge values for the 

Tamor (eastern) and Seti (western) basins. Analysis of 24 years (1979-2002) of 

precipitation data obtained from DHM, Nepal clearly indicated that higher amount of 

precipitation in both basins occurs during summer months, mainly from June to 

September. Winter months are dry with little precipitation. The minimum November 

precipitation of the Tamor basin is 12 mm and the maximum July precipitation reaches 

up to 350 mm. Precipitation values of 9 and 304 mm during the same months, 

respectively were found for the Seti basin. Due to weaker summer monsoonal period in 

the Seti basin, the Seti River has lower peak flows compared to the Tamor River (Hannah 

et al., 2004).  

 

 
Figure 26. Mean monthly precipitation and stream discharge of the Tamor and Seti basins 
of Nepal (data have been averaged for the period from 1979 to 2002): (a) Tamor basin 
and (b) Seti basin. 
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Corresponding to higher summer monsoonal precipitation, stream discharge was 

also measured higher during same period of time with maximum discharge values of 

1,126 and 956 m3/s for the Tamor and Seti basins, respectively. Analysis of 24 years 

(1979-2002) of stream discharge data showed that the mean monthly discharge of 359 

m3/s was measured for the Tamor basin that was higher than 292 m3/s observed for the 

Seti basin. The minimum March stream discharge of the Tamor basin is 53 m3/s that is 

lower than 73 m3/s observed on February for the Seti basin. 

In Nepal, hydrological seasons are mainly of three different types: (a) dry pre-

monsoon season (March-May); (b) rainy monsoon season (June-September); and post-

monsoon season (October-February) with little rain. These seasons directly affect water 

availability and agricultural production in the basins. For example, pre-monsoon is the 

primary season for corn production whereas rainy monsoon season highly influence rice 

production in the basins. This complex precipitation distribution in these mountain basins 

is due to combined effects of summer monsoon and steep terrain (Kansakar et al., 2004; 

Shrestha et al., 2000). Seasonal analysis of precipitation and stream discharge data 

indicated that 73% of total precipitation in the Tamor basin occurred during monsoon 

season that corresponded with 77% of total stream discharge in the same season (Figure 

27). These values were higher than 69% of total precipitation corresponding to 60% of 

total stream discharge for the Seti basin. During winter months, the basins are influenced 

by westerly winds causing snowfall at higher elevations; however, it weakens west-to-

east. However, due to higher post-monsoonal precipitation in the Seti basin, I analyzed a 

higher stream discharge contribution of 30% of the Seti River in the same season. 
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Figure 27. Precipitation and stream discharge contribution on seasonal basis for eastern 
and western basins of Nepal (The data have been averaged over the period from 1979 to 
2002): (a) Tamor basin and (b) Seti basin. 
 
 
Model Calibration and Confirmation Analysis 
 
 Identification of key parameters with precise values is an important step for 

calibration of a model (Ma et al., 2000). The results of the model calibration and 

confirmation analyses with their statistical values are presented in Table 13. During pre-

calibration period, the model simulation outputs showed low correspondence for PBIAS, 

NSE, r2 and RMSE with the values of 46.5, 0.16, 0.34, and 350, respectively on daily 

simulations for the Tamor basin, and the Seti basin had the values of 23.8, -0.28, 0.34, 

and 460 for these statistics, respectively. Introducing the elevation bands with rice and 

corn cropping in the basins, I got higher correlation between measured and simulated 
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values with PBIAS = 4, NSE = 0.65, r2 = 0.65 and RMSE = 227 for daily simulations of 

the Tamor basin. The values of these statistics were 4.8, 0.68, 0.68 and 232, respectively 

for the Seti basin. These higher correlations showed the importance of orographic 

precipitation in the basins. However, the model showed better performance in monthly 

simulations with PBIAS = 2.5, NSE = 0.82, r2 = 0.83 and RMSE = 138 with addition of 

glacier melt data for the Tamor basin. The values for these statistics were 2.6, 0.86, 0.87 

and 127, respectively for the Seti basin.  

 
Table 13. Model performance statistics for pre-calibration, calibration, and confirmation 

simulations in both daily and monthly time periods for the basins (no band-no glac: 
elevation bands were not used and glacier melt data were not used; band-no glac: 

elevation bands were used and glacier melt data were not used; band-glac: both elevation 
band and glacier melt data were used): (a) Tamor basin and (b) Seti basin. 

 
 

Statistics Pre-calibration Calibration 
 

Confirmation 

 no band-no glac band-no glac band-glac band-no glac band-glac 
 Daily Monthly Daily Monthly Daily Monthly Daily Monthly Daily Monthly 
PBIAS 

 
46.5 46.5 4.0 4.0 2.5 2.5 1.4 1.4 -0.9 -0.9 

NSE 
 

0.16 0.44 0.65 0.82 0.65 0.82 0.72 0.89 0.73 0.89 

r2 

 
0.34 0.76 0.65 0.83 0.65 0.83 0.73 0.89 0.73 0.89 

RMSE 350 245 227 140 226 138 187 109 187 107 
 

 

Statistics Pre-calibration Calibration 
 

Confirmation 

 no band-no glac band-no glac band-glac band-no glac band-glac 
 Daily Monthly Daily Monthly Daily Monthly Daily Monthly Daily Monthly 
PBIAS 

 
23.8 23.8 4.8 4.8 2.6 2.6 0.2 1.8 -4.3 -2.5 

NSE 
 

-0.28 0.68 0.68 0.85 0.68 0.86 0.56 0.80 0.56 0.81 

r2 

 
0.34 0.76 0.68 0.86 0.68 0.87 0.58 0.80 0.59 0.81 

RMSE 460 192 232 131 230 127 202 120 201 117 
 

 

(a)

(b)



 
 

86 
 
 

Similar to the calibration period, confirmation analysis also followed the higher 

correlation of simulated stream discharge vs measured values with PBIAS = -0.9, NSE = 

0.73, r2 = 0.73 and RMSE = 187 at daily simulation for the Tamor basin with addition of 

glacier melt data that shows the importance of glacier melt contribution to estimate 

stream discharge of the basin. The model showed better performance in monthly 

simulations with the values of -0.9, 0.89, 0.89 and 107 for these statistics, respectively. 

For the Seti basin, I analyzed these statistical values as -4.3, 0.56, 0.59 and 201, 

respectively at daily simulation. However, the values were -2.5, 0.81, 0.81 and 117, 

respectively at monthly simulation for the basin. During confirmation period, I analyzed 

negative PBIAS values that indicate the model underestimation bias for both daily and 

monthly simulations. After model calibration, simulated mean daily stream discharge of 

299 m3/s corresponded well with the measured value of 306 m3/s for the Tamor basin, 

and for the Seti basin, simulated value of 303 m3/s corresponded with the measured value 

of 311 m3/s.  

Using 10 years (1981-1990) of the model simulation outputs, I estimated a loss of 

148 mm (about 8%) of water from total inputs for the Tamor basin and the value 

increased to 21% for the Seti basin, potentially attributed to the transmission of large 

amount of surface water to the deep groundwater reservoirs primarily due to intense 

faults and fractures, characteristics of the Himalaya Mountains (Negi et al., 2007; Searle 

et al., 2008) that indicates higher water flux into these systems. These losses were 

substantially higher than in the Kali Gandaki Watershed (4% of the total input) located in 

central part of Nepal (Neupane et al., 2013). I estimated a 50% of total annual stream 

discharge of the Tamor basin was contributed by rain (Figure 28) that was lower than 58% 
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predicted for the Seti basin. These outputs demonstrated the dominant role of monsoonal 

precipitation in yearly water budget of the basins. Snowmelt, glacier melt, and 

groundwater contribution were estimated as 3, 25, and 22%, respectively for the Tamor 

basin. However, snowmelt contribution was substantially higher with the value of 6% for 

the Seti basin that might be due to major influence of westerly winds to the western 

Himalaya Mountains causing snowfall at higher elevations (Bookhagen and Burbank, 

2010) that corresponded to 44% higher amount of snowfall in the basin. Higher 

groundwater contribution to the stream discharge of these basins that I estimated is also 

supported by Anderman et al. (2012) that shows the flow of water through the fractured 

basement rocks as approximately six times the annual contribution from glacier and 

snowmelt in the Himalaya Mountains. These estimations suggest that existing higher 

meltwater contribution to the stream discharge is largely influenced by continued climate 

change coupled with less snowfall and earlier melting (Fagre et al., 1997; White et al., 

1998; Neupane et al., 2013). In SWAT, the unconfined shallow aquifer is the primary 

groundwater source (Neitsch et al., 2009), so it represents a crucial hydrological 

component for complex mountain basins (Luo et al., 2012). The separation of baseflow 

component during pre-calibration period indicated that about 31% of total annual flow 

was contributed by the baseflow component for the Tamor basin (Figure 29) that was 

higher than the value of 26% calculated for the Seti basin; however, major baseflow 

contribution to the discharge was observed during winter months. 

A visual comparison of the hydrographs (Figure 30) obtained using the SWAT 

default parameter values indicated that the stream discharge during winter months was 

consistently underestimated by the model at daily and monthly simulations for the basins. 



 
 

88 
 
 

 
Figure 28. Mean yearly stream discharge contribution of the Tamor and Seti basins by 
different source waters estimated from model simulation outputs (the data have been 
averaged from the year of 1981 to 1990). 
 
 

 
Figure 29. Comparison of total stream flow with the baseflow component (the data is 
averaged over the period from 1981 to 1990): (a) Tamor basin and (b) Seti basin. 
 
 
 Overestimation of modeled peak flows was observed during monsoon season for daily 

simulations. However, calibration and confirmation of the model substantially improved 
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the fit of modeled vs. observed daily stream discharge values (Figure 31) with the 

inclusion of elevation bands and glacier melt data. I showed that the Tamor and Seti 

SWAT models simulated the stream discharge with reasonable accuracy; however, they 

were not able to capture some of the summer peak flows for daily simulations that might 

be attributed to accuracy in measured precipitation and stream discharge data, especially 

during high flow seasons. This was supported by the findings of Rossi et al. (2009) who 

indicated more pronounced errors of stream discharge values at extreme low and high 

flow seasons influenced by recording and rating errors, respectively. 

 
Sensitivity Analysis 
 
 The parameters influencing hydrological processes of the basins in order of their 

sensitivity rank are shown in Table 14 (the first is most sensitive). From 20 parameters 

tested, 18 were found to affect accuracy of stream discharge of the basins. However 

differed in their rank, identified sensitive parameters were almost same for both basins. I 

estimated the TLAPS and PLAPS, which govern the extreme orographic effects of 

complex mountains influencing the amount of precipitation (Minder et al., 2010) that 

determine the stream discharge, as the most sensitive parameters for accuracy of stream 

discharge in the basins. However, higher negative TLAPS value of -6.2oC/Km (out of the 

given range) for the Seti basin compared to the Tamor basin (-5.1oC/Km) might be the 

indication of higher influence of moisture-bearing westerly winds to Seti basin that 

weakens towards eastern part of the Himalaya Mountains (Owen et al., 2008; Puranik and 

Karekar, 2009; Bookhagen and Burbank, 2010). 
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Figure 30. Pre-calibration hydrographs obtained from model simulations (left graphs for the Tamor basin and right graphs for 
the Seti basin): (a) daily and (b) monthly periods.
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Figure 31. Hydrographs obtained during model calibration and confirmation periods (left graphs for the Tamor basin and right 
graphs of the Seti basin): (a) daily and (b) monthly time periods
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Table 14. Sensitivity results with the ranking of key SWAT parameters for stream discharge in Tamor and Seti basins 
including the range of parameter values adopted from Muleta and Nicklow (2005), Rostamian et al. (2008) and Neupane et al. 

(2013). 
 

 
Note: acalibrated baseline value of this parameter is out of the given range.

Parameter Description Range Optimal 
value 

Sr Rank 

   Tamor Seti Tamor Seti Tamor Seti 
aTLAPS Temperature Lapse Rate (oC/Km) (-5.8) - (-4) -5.1 -6.2 0.556179 0.167313 1 2 
PLAPS Precipitation Lapse Rate (mm H2O/Km) 368 - 2,629 700 510 0.373324 0.393225 2 1 
REVAPMN Threshold depth of water in the shallow aquifer for revap 

(mm H2O) 
0 - 100 40 28 0.172975 0.029025 3 6 

GWQMN Threshold depth of water in the shallow aquifer required 
for return flow to occur (mm H2O) 

0 - 100 35 41 0.170522 0.043751 4 5 

ESCO Soil evaporation compensation factor 0.001 - 1 0.95 0.16 0.132555 0.004741 5 9 
SMFMX Maximum melt rate for snow during the year (mm/oC-day) 1.4 - 7.5 7.5 7 0.043788 0.018087 6 7 
GW_REVAP Groundwater "revap" coefficient 0.02 - 0.2 0.14 0.2 0.008327 0.068731 7 4 
SMFMN Minimum melt rate for snow during the year (mm/oC-day) 1.4 - 7.5 5 5 0.005884 0.000053 8 13 
aTIMP Snow pack temperature lag factor  0.5 - 1 0.05 0.05 0.005682 0.003713 9 10 
RCHRG_DP Deep aquifer percolation fraction 0.01 - 0.75 0.01 0.24 0.005062 0.134512 10 3 
ALPHA_BF Baseflow alpha factor (days) 0.001 - 1 0.70 0.75 0.004546 0.000027 11 14 
GW_DELAY Groundwater delay time (days) 0.001 - 100 20 5 0.003689 0.006319 12 8 
aCH_K2 Effective hydraulic conductivity in main channel alluvium 

(mm/hr) 
0 - 150 200 280 0.000923 0.000947 13 11 

ALPHA_BNK Baseflow alpha factor for bank storage (days) 0.05 - 1 0.12 0.11 0.000454 0.000017 14 15 
EPCO Plant uptake compensation factor 0.001 - 1 0.02 0.02 0.000121 0.000185 15 12 
CH_N2 Manning's n value for the main channel 0.01 - 0.15 0.06 0.06 0.000051 0.000010 16 16 
SURLAG Surface runoff lag time (days) 0.001 - 15 12 10 0.000003 0.000002 17 18 
SMTMP Snow melt base temperature (oC) (-2) - 20 5 5 0.000000 0.000000 NS NS 
SFTMP Snowfall temperature (oC) (-10) - 5 1 1 0.000000 0.000000 NS NS 
OV_N Manning's n value for overland flow 0 - 0.80 0.5 0.5 0.000000 0.000004 NS 17 
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Next to lapse rates, groundwater flow parameters such as REVAPMN, 

RCHRG_DP, GWQMN, and GW_REVAP were identified as sensitive parameters. Also, 

ESCO, SMFMX, SMFMN, GW_DELAY, TIMP, ALPHA_BF, CH_K2, EPCO, 

ALPHA_BNK, CH_N2, and SURLAG were found to affect the stream discharge of the 

basins. For both basins, I analyzed the minimal TIMP value of 0.05, lower than the 

minimum value of 0.5 given by Muleta and Nicklow (2005), that might be the indication 

of extreme lower snow temperature, specifically to the Himalaya Mountains (Fontaine et 

al., 2002). I estimated the maximum CH_K2 values of 200 and 280 mm/hr for the Tamor 

and Seti basins, respectively, higher than the maximum range suggested by Rostamian et 

al. (2008). These higher CH_K2 values might be the reflection of large sized gravel and 

sand to the stream bed of the Himalaya Mountain Rivers that augments water 

transmission to deeper groundwater system (Scanlon et al., 2002). This is further 

supported by structural discontinuities with the faults and fractures, typical of the 

Himalaya Mountains (Negi et al., 2007; Anderman et al., 2012). Model simulation 

uncertainties analyzed for one year daily stream discharge values from calibration period 

(Figure 32) confirmed that the model estimations had significant over and 

underestimation values, specifically during peak flow seasons, with better results during 

low flow seasons. 

Potential GCM-derived Changes in Temperature and Precipitation of the Basins 
 
 The future climate conditions for the Terhathum, Phidim, Patan, and Silgadi 

stations were determined using the average of GCM-derived scenarios obtained from 16 

different models for 2080s (Table 15). Analysis of temperature change showed an 



 
 

94 
 
 

obvious increase in temperature in all the stations. For the Terhathum and Phidim stations, 

the annual average temperatures were higher than current values that ranged from 2.5 to 

4.1oC with the maximum temperature projected for the SRES-A2 scenario. These 

predictions were lower than the range of 2.7 to 4.4oC and 2.6 to 4.4oC for the Patan and 

Silgadi stations, respectively. Therefore, higher predicted temperatures of these stations 

were likely to affect future water availability and rate of agricultural production in the 

basins. I estimated overall warming in all the scenarios, with maximum influence to the 

SRES-A2 scenario. The temperature change was projected to be higher during winter 

months and lower during summer months, with the value range between +4.8 and +2.0oC, 

respectively for the Terhathum and Phidim stations. The values ranged from +5.2 to 

2.2oC for the Pathan station and from +5.1 to 2.2oC for the Silgadi station.   

 

 
Figure 32. Uncertainty analysis performed for the model simulation outputs versus 
measured stream discharge: (a) Tamor basin and (b) Seti basin. 
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Table 15. Various scenarios for the Terhathum, Phidim, Patan and Silgadi meteorological 
stations obtained from CGM outputs to use for future hydrologic assessment of the basins: 

(a) annual and monthly average temperature change (oC) and (b) annual and monthly 
cumulative precipitation change (%). 

 

 
 

The annual accumulated precipitation change ranged from +5 to +9% for the 

Terhathum station and from +5 to +8% for the Phidim station. For the Patan station, the 

range was between -2 and 0% and it was between -1 and +1% for the Silgadi station. 

Under the same climate change scenarios, future precipitation increased for the Tamor 

basin compared to the current values but it decreased for the Seti basin. Therefore, higher 

projected temperature combined with less precipitation in the Seti basin might directly 

reduce the future water availability, primarily during low-flow seasons. Mostly, 

precipitation was projected to be higher during summer months and lower during winter 

(a) Terhathum station
Scenario Month 
 1 2 3 4 5 6 7 8 9 10 11 12 Annual 
SRES-B1  2.9 2.9 2.9 2.8 2.6 2.1 2.0 2.0 2.1 2.3 2.4 2.6 2.5 
SRES-A1B 4.2 4.3 4.1 4.2 3.7 3.0 3.0 3.0 3.1 3.4 3.6 3.8 3.6 
SRES-A2  4.7 4.7 4.7 4.8 4.1 3.3 3.3 3.4 3.4 3.8 4.0 4.5 4.1 
 Phidim station 
SRES-B1  2.9 2.9 2.9 2.9 2.6 2.1 2.0 2.0 2.1 2.3 2.4 2.6 2.5 
SRES-A1B  4.3 4.3 4.1 4.2 3.7 3.0 3.0 3.0 3.1 3.4 3.6 3.8 3.6 
SRES-A2  4.8 4.7 4.7 4.8 4.2 3.3 3.3 3.4 3.4 3.8 4.0 4.5 4.1 
 Patan station 
SRES-B1  3.1 3.0 3.2 3.0 2.7 2.6 2.3 2.2 2.3 2.4 2.4 2.9 2.7 
SRES-A1B  4.5 4.6 4.4 4.3 4.0 3.7 3.3 3.3 3.5 3.5 3.7 4.2 3.9 
SRES-A2  5.2 5.0 5.2 4.9 4.6 4.1 3.6 3.7 3.9 4.1 4.2 4.9 4.4 
 Silgadi station 
SRES-B1  3.0 3.0 3.1 2.9 2.7 2.6 2.3 2.2 2.3 2.4 2.4 2.9 2.6 
SRES-A1B  4.5 4.6 4.3 4.3 4.0 3.7 3.3 3.3 3.5 3.5 3.7 4.2 3.9 
SRES-A2 5.1 5.0 5.1 4.9 4.6 4.2 3.6 3.7 3.9 4.1 4.2 4.9 4.4 
 
(b) Terhathum station
Scenario Month 
 1 2 3 4 5 6 7 8 9 10 11 12 Annual
SRES-B1  -15 -6 -1 5 8 11 8 13 10 25 -3 0 5 
SRES-A1B  -18 -10 1 -4 19 22 14 18 22 33 2 5 9 
SRES-A2  -16 -14 -1 2 15 28 16 25 23 26 5 -6 9 
 Phidim station 
SRES-B1  -15 -6 -1 5 7 11 8 13 10 25 -3 0 5 
SRES-A1B  -18 -10 1 -4 17 22 14 18 22 33 2 5 8 
SRES-A2  -16 -14 -1 2 13 28 16 25 23 26 5 -6 8 
 Patan station 
SRES-B1  -4 -11 -20 -14 -2 4 3 7 16 9 -4 -9 -2 
SRES-A1B -14 -9 -24 -23 -2 13 7 7 28 39 -10 -13 0 
SRES-A2  -11 -25 -21 -22 -1 16 7 6 26 28 -3 -8 -1 
 Silgadi station 
SRES-B1  -5 -10 -18 -13 -1 4 5 8 19 8 -4 -9 -1 
SRES-A1B  -15 -9 -21 -22 -2 16 9 9 29 36 -9 -12 1 
SRES-A2  -11 -22 -20 -19 0 18 9 8 28 26 -2 -8 0 
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months with the value range between +33 and -18%, respectively for the Terhathum and 

Phidim stations. The value ranged between +39 and -25% for the Patan station and from 

+36 to -22% for the Silgadi station. Regarding both temperature and precipitation, the 

changes were clear; however, precipitation showed much uncertainty that might be due to 

various climate-driven variables influenced by the extreme topography of the Himalaya 

Mountains (Beniston, 2003). 

 
Effects of Climate Change  
 

I estimated the hydrologic responses in both annual and seasonal basis at the main 

basin outlets in three different GCM-derived scenarios. My simulation outputs showed 

that the precipitation distribution in the basins was higher in all scenarios compared to the 

baseline data with maximum increase of 9% in the SRES-A2 for the Tamor basin (Figure 

33). This estimation was higher than the value of 7% predicted in the SRES-A1B for the 

Seti basin. These precipitation changes corresponded with similar changes in stream 

discharge with the values of 13 and 8% in these scenarios for the Tamor and Seti rivers, 

respectively. Similar increase of stream discharge with the value of 6% was estimated for 

the Kali Gandaki River in these scenarios (Neupane et al., 2013). For both basins, 

sediment yield to the main channel was estimated to be higher in all GCM scenarios than 

that of baseline simulation. For the Tamor basin, maximum increase in sediment yield 

with the value of 54% was estimated in the SRES-B1 scenario. This was lower than the 

value of 63% estimated in the SRES-A1B scenario for the Seti basin that corresponded 

with maximum precipitation and stream discharge increase of 7 and 8%, respectively in 

the same scenario. Steep mountain channels have significant control on channel dynamics 
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and morphology that influence streamflow velocity and sediment transportation (Hassan 

et al., 2005). Therefore, these estimations might be important for the Himalaya Mountain 

basins since they are primarily affected by summer monsoonal precipitation that governs 

the downstream agricultural production and hydropower generation (NEA, 1996).  

 

 

Figure 33. Mean annual changes of (a) precipitation, (b) stream discharge and (c) 
sediment yield for the Tamor and Seti basins from baseline in different GCM scenarios. 
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Seasonally, the baseline precipitation contributions of 26, 65 and 9% were 

estimated for pre-monsoon, monsoon, and post-monsoon seasons, respectively for the 

Tamor basin (Figure 34). The contribution increased during monsoon season in all the 

scenarios with maximum value of 69% in the SRES-A2 scenario. Contrary to that, 

contribution decreased during post-monsoon season with minimum contribution value of 

7% in the same scenario. For the Seti basin, the baseline contribution values were 22, 65, 

and 13% during pre-monsoon, monsoon, and post-monsoon seasons, respectively. The 

monsoonal contribution was higher in all the scenarios with maximum value of 69% in 

the SRES-A2 scenario. Similar changes in stream discharge with the maximum 

contribution values of 72 and 68% were predicted during monsoon season for the Tamor 

and Seti basins, respectively in the SRES-A2 scenario. Simulation outputs indicated that 

the summer monsoonal period with all GCM-derived scenarios are likely to be the worst 

scenarios for these mountain basins in future as they are prone to hydrological-related 

disasters such as flood and landslide, specifically during peak flow seasons. Potential 

changes in seasonality of stream discharge was also supported by the findings of Singh 

and Bengtsson (2004) and Neupane et al. (2013), that is likely to affect the downstream 

irrigation and hydropower generation.  

 
Effects of Land Use Change  
 

 Potential land use change effect on stream discharge and sediment yield 

was shown by comparing monthly simulation outputs of three potential land use 

scenarios with the baseline data (Figure 35). Our analysis showed that the stream 

discharge decreased in all scenarios for both basins with maximum decrease of 4.4% in 
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Figure 34. Potential seasonal precipitation and stream discharge contribution of the basins for different GCM scenarios (left 
graphs for the Tamor basin and right graphs for the Seti basin): (a) precipitation and (b) stream discharge (pre-monsoon: 
March-May, monsoon: June-September, and post-monsoon: October-February)
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Scenario-II for the Tamor River and minimum decrease of 0.3% in Scenario-III for the 

Seti River with corresponding changes of -2.9 and +0.5% precipitation in these scenarios, 

respectively. Despite minimal decrease in precipitation and stream discharge of the 

Tamor basin, sediment yield was substantially higher in all land use scenarios with 

maximum increase of 65% in Scenario-I that might be attributed to deforestation 

increasing sediment flux of complex mountain terrain (Lu et al., 2003). However, I 

analyzed minimal changes for the Seti basin with 1% increase in Scenario-I whereas 2 

and 4% decrease in Scenario-II and Scenario-III, respectively. In this study, I estimated a 

substantial loss of input water from the systems potentially stored in deep groundwater 

reservoirs not accounted by the SWAT model. This is also supported by the prevalent 

faults and fractures of these mountain terrains for prompt transmission of surface water to 

deep groundwater system (Searle et al., 2008; Anderman et al., 2012). These findings 

might be accounted for similar potential change of stream discharge outputs even in 

different land use scenarios.  

 

 
Figure 35. Mean annual changes of (a) precipitation, (b) stream discharge, and (c) 
sediment yield from baseline simulation in potential land use scenarios for the Tamor and 
Seti basins. 
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Combined Effects of Climate and Land Use Changes  
 

The combined effects of potential climate change and land use modification on 

stream discharge and sediment yield of the basins are presented in Figure 36. However 

decrease of the stream discharge values compared to the baseline in potential land use 

scenarios, I estimated a substantial increase when combined these scenarios with 

potential GCM-derived scenarios. This is because, regarding to the coupled effects of 

potential climate change and land use modification, the decrease in magnitude of the 

stream discharge caused by land use change will be offset by climate change and the 

magnitude will be further enhanced in climate change scenarios if higher in land use 

scenarios (Ma et al., 2009). The maximum stream discharge increase of 12% was 

analyzed for the Tamor basin in the SRES-A2 that changed by -3.9% in land use scenario. 

For the Seti basin, the maximum increase of 7.7% was estimated in the SRES-A1B which 

had minimal decrease of 0.3% in land use scenario. Similarly, the amount of sediment 

yield was intensified in combined scenarios for the Tamor basin with the maximum 

increase of 124% in the SRES-B1 that was increased only by 65% in land use scenario. 

For the Seti basin, maximum increase with the value of 33% was estimated in the SRES-

A1B that was changed by +1% in land use scenario. Finally, potential land use scenarios 

coupled with GCM-derived scenarios intensified both stream discharge and sediment 

yield with substantial increase to the Tamor basin that potentially enhance the risk of 

flood and landslide in the basin, and ultimately downstream reservoir sedimentation 

affecting the irrigation and hydropower generation.  
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Figure 36. Mean annual changes of (a) stream discharge and (b) sediment yield in 
combined scenarios of climate change and land use modification for the Tamor and Seti 
basins. 
 
 
 Recently, there have been both national and transnational conflicts in sharing of 

water resource as its demand increases due to high population pressure. This is 

particularly serious in between Nepal and India as the downstream water demand 
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increases during low flow seasons for agricultural production and hydropower generation 

in both countries, specifically in large river basins including the Koshi, Gandaki, Karnali, 

Bagmati and Mahakali Rivers (Sharma and Shakya, 2006). Also, severe flood events 

occur during high flow monsoon season that destroy property and lives downstream of 

the basins. Therefore, the scale of impact on future water resources due to potential 

climate change and land use modification needs to be assessed for sustainable 

management strategies. 
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CHAPTER FIVE 
 

Conclusions 
 
 

In this study, the effects of potential climate on some watershed hydrological 

processes were assessed based on projected climate change conditions developed by 

GCM simulations within SWAT. The model accurately represented stream discharge of 

the KGW from Himalaya Mountain system through detailed data incorporation. 

Evaluation criteria statistics showed that the model was able to simulate the daily and 

monthly stream discharge reasonably well. However, the model showed better 

performance in monthly simulations with the inclusion of elevation bands and estimated 

glacier melt data for the basin. Sensitivity results showed the lapse rates which cause 

changes in mountain orography with changing temperature and precipitation are most 

influential to change stream discharge of the basin. This is expected to be important since 

it could add more uncertainties in predicting watershed hydrological processes using 

GCM outputs with no consideration of physical factors influencing lapse rates for 

complex mountain systems. Simulation outputs indicated the rainfall as most influential 

source water for stream discharge of the basin. Snowmelt was estimated with higher 

contribution during pre-monsoon season, presumably indicating the importance of 

seasonal snowmelt during that period. Estimation of higher groundwater contribution to 

the stream discharge during post-monsoon season might be due to excess surface waters 

for groundwater recharge caused during monsoonal precipitation. However, glaciers have 
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higher mean yearly stream discharge contribution than snow and groundwater with 

substantial contribution of 34% during monsoon season. 

 The projected annual temperature and precipitation changes showed that the 

climate in KGW will generally become warmer in all the scenarios and wetter in most of 

the scenarios. Annually, the stream discharge change is predicted to be within ±40% with 

relative precipitation change of ±37%. In summary, reasonable lapse rate estimation with 

the inclusion of snow and glacier melt data for complex mountain system would result for 

better representation of watershed hydrological processes. Stream discharge of the KGW 

would experience substantial change in A2 scenario of the GCM outputs. Due to 

uncertainties in climate change scenarios and GCM outputs, there is also uncertainty in 

future stream discharge simulation. However, projected simulations showed potential 

increase of the stream discharge during monsoon and post-monsoon seasons and decrease 

during pre-monsoon season influencing the seasonal water availability which might be 

crucial for management of future water resources in the basin. 

I analyzed the environmental tracers that helped to better assess the model 

simulation outputs and also for estimation of future groundwater contribution to the 

stream discharge of mountain basins. Examination of multiple groundwater tracers 

showed that only 222Rn provided significant information to estimate groundwater 

contribution to stream discharge of the McDonald Creek using a mass balance approach. 

The small range of water δ18O and δ2H values and lack of discernible trend in solute 

chemistry analysis supported our general conclusion that the stream water was dominated 

by surface meltwater in the watershed. The large variation in 222Rn activities coupled 

with finding the maximum 222Rn activity, that also coincided with maximum EC and Cl- 
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values, measured at 7.9 km prompted examination of the role of geology affecting 

groundwater exfiltration in this complex mountain basin. Cascades in the stream were 

also found to potentially result in loss of 222Rn from the stream water due to molecular 

diffusion. From 222Rn data, I estimated a 5.9% of groundwater inputs to the total stream 

discharge with the remaining portions from meltwater in the watershed. About 60% of 

the total groundwater input was assessed to be gained from hyporheic zone of the stream 

channel. However, further sampling of the local groundwater and alluvium is required to 

accurately model groundwater exchange.  

I estimated the effects of potential climate change and land use modifications on 

available stream discharge and sediment yield of the Tamor and Seti basins using a 

complex physically based distributed hydrological model, the SWAT. Simulation outputs 

indicated higher stream discharge in all GCM-derived scenarios for both basins with 

corresponding increase in precipitation. Seasonally, the maximum stream discharge 

contribution of 70 and 66% were estimated during monsoon season for the Tamor and 

Seti basins, respectively in the baseline scenario that increased to 72 and 68%, 

respectively in the SRES-A2 scenario. However, the contribution decreased in both pre-

monsoon and post-monsoon seasons (except minimal increase in post-monsoon season 

for the Seti basin). These changes might affect the seasonal water availability 

downstream influencing crop production and hydroelectricity generation, specifically 

during low flow seasons. Similarly, sediment yield also increased substantially in all 

GCM scenarios for both basins with maximum increase of 63% in the SRES-A1B for the 

Seti River. The maximum increase in sediment yield with the value of 65% was 

estimated in Scenario-I for the Tamor River but it increased to only 1% for the Seti River 
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in the same scenario indicating the Seti River less prone to future sedimentation problems 

in land use scenarios compared to the Tamor basin. Despite substantial changes in stream 

discharge with GCM-derived scenarios, I estimated minimal changes between land use 

scenarios, potentially due to buffering of the systems caused by structural discontinuities 

with intense faults and fractures of mountain terrains for higher water transmission to 

groundwater reservoirs. However, in combined scenarios, both the stream discharge and 

sediment yield were higher for the basins with substantial increase of 124% in sediment 

yield for the Tamor River. Therefore, understanding the effects of both climate change 

and land use modification on the stream discharge and sediment yield might be crucial 

for national and transnational water management implications. 
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