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ABSTRACT 

Water management has become a challenging task due to the increasing population, 

rapid urbanization and industrialization. Availability of observed hydro-meteorological 

data plays a crucial role in water budgeting for the country like Nepal that relies heavily 

on hydroelectricity for its energy needs. Quantification of available water at the local 

scale and examining how it is impacted by climate change (CC) is extremely important 

from the water management perspective at the river basin level. Budhigandaki River 

Basin (BRB) of Nepal, was chosen for this study in assessing climate change impact on 

river hydrology utilizing well calibrated and validated Soil Water Assessment Tool 

(SWAT), consequent impact on hydroelectric energy generation. Extending this aspect 

further, the micro-economic assessment of the Budhigandaki hydroelectric project was 

also made in this study. 

This study assessed the interannual variability of hydroclimatic condition of the BRB 

using daily hydrological and meteorological data for the period from 1983 to 2012. To 

evaluate the impact of climate change on hydrological phenomenon in the study basin, 

future climate data under two Representative Concentration Pathways (RCP 4.5 and 

RCP 8.5) with four climatic conditions (cold-wet, warm-wet, warm-dry and cold-dry) 

for each RCP were considered. Digital elevation model (DEM) data, land use and land 

cover, and soil data of the basin are the spatial data required in the hydrological 

simulation that were utilized. The climate change impact on flow, hydroelectric energy 

generation and energy economics were evaluated by comparing these variables with the 

baseline. 

Historical data shows that there is a very high variability in daily, monthly, seasonal 

and interannual flow in the study basin. Future annual precipitation in BRB varies 

significantly and is projected from -9% to 23% for RCP 4.5 and -11% to 21% for RCP 

8.5 scenarios compared to the baseline value (1530 mm). The mean annual temperature 

increases 1.7oC for RCP 4.5 and 3.9oC for RCP 8.5 by the end of this century. SWAT 

model was calibrated and validated at Arughat gauging station considering 30 years 

daily flow data.  Model evaluation using four statistical parameters (NSE, PBIAS, RSR 

and KGE) showed that the developed model performed very well to simulate river flow. 

Additional validation of the model done at three supplementary points; two in the 

upstream and one in the downstream of calibration point (Arughat) also showed that 
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the developed SWAT model for BRB is well calibrated. To compare the performance 

of flow simulation methods in the basin level, a new evaluation statistical index, the 

Global Performance Index (GPI), was introduced in this study. SWAT hydrological 

model preformed the best among the different methods considered for flow estimation 

as evaluated by GPI in BRB.  

Annual mean flows are projected to increase in the future scenarios; 10 to 31% in RCP 

4.5 and 5 to 57% in RCP 8.5 scenarios with respect to the baseline flow of 240 m3/s. 

The analysis of future extreme flow shows an increasing trend in case of annual 

maximum one-day flow and a decreasing trend in low flow case. These results indicate 

a need to alter the design of hydraulic structures and selection of storage project over 

runoff-river project for climate resilience. Future annual energy of the Budhigandaki 

Hydroelectric Project is expected to increase by 9 to 13% compared to the baseline 

value (3385 GWh) that is equivalent to annual revenue of 20 to 28 million USD.  

Results of this study show that storage hydroelectric projects with the provision of 

flexible operating rules are desirable. Financial policies related to hydroelectricity need 

to be revised with the changes in the future climatic conditions. The findings of this 

study are expected to be useful for hydrologists, economists and decision-makers to 

plan the use of available water judiciously in the future. 

Keywords: Climate change, river hydrology, hydroelectricity, energy economics, GPI, 

SWAT, Budhigandaki 



viii 

 

LIST OF ABBREVIATIONS AND ACRONYMS 

ANN Artificial Neural Network  

AR5 Fifth Assessment Report  

AR6 Sixth Assessment Report by IPCC  

ARS Agricultural Research Service  

ASCE American Society of Civil Engineers  

BGHDC Budhigandaki Hydroelectricity Development Committee 

BGHP Budhigandaki Hydroelectric Project 

BP British Petroleum 

BRB Budhigandaki River Basin  

BS Bikram Sambat 

CanESM Canadian Earth System Model  

CC Climate Change 

CCAM Conformal Cubic Atmospheric Model  

CDD Consecutive Dry Days 

CN Curve Number  

COP Conference of Parties  

CSDI Cold Spell Duration Index 

DAR Drainage Area Ratio  

DEM Digital Elevation Model 

DHM Department of Hydrology and Meteorology 

ET Evapotranspiration  

ETCCDI Expert Team on Climate Change Detection and Indices  

FDC Flow Duration Curve  



ix 

 

FF Far Future 

FY Fiscal Year 

GCMs Global Climate Models  

GeoSFM Geospatial Stream Flow Model  

GFDL Geophysical Fluid Dynamics Laboratory  

GHG Green House Gas 

GIS Geographic Information System  

GJ Giga Joule 

GLOF Glacial Lake Outburst Flood  

GoN Government of Nepal  

GPI Global Performance Index  

GR4J Génie Rural à four paramètres Journalier 

GRFM Geomorphic Recession Flow Model 

GT General Transposition  

GW Ground Water 

HadGEM Centre Global Environment Model  

HBV Hydrologiska Byråns Vattenbalansavdelning  

HEC-HMS Hydrologic Engineering Center—Hydrologic Modeling System  

HEP Hydroelectric Project 

HRU Hydrological Response Units  

HYMOD Hydrological Model  

ICIMOD International Centre for Integrated Mountain Development  

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

https://pubs.usgs.gov/of/2007/1441/


x 

 

KGE Kling–Gupta Efficiency 

KW Kilo Watt 

LDOF Landslide Dam Outburst Flood  

LOCI Local Intensity Scaling  

LTMA Long Term Mean Annual 

LULC Land Use and Land Cover  

MBT Main Boundary Thrust  

MCT Main Central Thrust 

MCTCA Ministry of Culture Tourism and Aviation 

MDAR Multiple Gauging Stations Drainage Area Ratio 

MF Mid Future 

MIKE SHE Variant of Système Hydrologique Européen  

MoEWRI Ministry of Energy, Water Resources and Irrigation 

MoF Ministry of Finance 

MoFE Ministry of Forest and Environment 

MoWR Ministry of Water Resources 

MPI Max Plank Institute for Meteorology  

MRE Mean Square Error  

MW Mega Watt 

NAP National Adaptation Plan 

NEA Nepal Electricity Authority 

NF Near Future 

NOAA National Oceanic and Atmospheric Administration  

NPC National Planning Commission 



xi 

 

NPR Nepalese Rupees 

NRB Nepal Rastra Bank 

NSE Nash-Sutcliff Efficiency 

O & M Operation and Maintenance  

OECD Organization for Economic Co-operation and Development  

P Precipitation  

PBIAS Percent Bias  

PET Potential Evapotranspiration  

PPA Power Purchase Agreement  

PRC People’s Republic of China  

PRoR Peaking Run-off-River 

QM Quantile Mapping  

RAFT Runoff Analysis and Flow Training 

RCMs Regional Climate Models  

RCPs Representative Concentration Pathways   

RMSE Root Mean Square Error  

RoR Run-off-River 

RSR Ratio of Root Mean Square Error to Standard Deviation 

SAC-SMA Sacramento Soil Moisture Accounting  

SCS Soil Conservation Service  

SIMHYD Simplified Version of the HYDROLOG  

SNURCM Seoul National University Regional Climate Model  

SOTER Soil Terrain Database Programme  

SRM Snowmelt Runoff Model  



xii 

 

SRTM Shuttle Radar Topography Mission  

STP Storage Type Project  

SWAT Soil and Water Assessment Tool 

TOPMODEL Topographic Hydrologic Model  

TU Tribhuvan University 

TWh Terawatt hour 

UN United Nations 

UNDP United Nations Development Program 

UNEP United Nations Environment Program 

UNESCO United Nations Educational, Scientific and Cultural Organization 

UNFCCC United Nations Framework Convention on Climate Change 

UNICEF United Nations International Children’s Emergency Fund 

US United States  

USD United States Dollar  

USDA United States Department of Agriculture  

VELMA Visualizing Ecosystem Land Management Assessments  

VIC Variable Infiltration Capacity  

WECS Water and Energy Commission Secretariat  

WED-DHM Water and Energy Budget-Based Distributed Hydrological Model 

WMO World Meteorological Organization  

WSDI Warm Spell Duration Index 

WY Net Water Yield  

 

  



xiii 

 

LIST OF SYMBOLS 

$ US Dollar  

% Percentage 

A Reservoir water surface area 

y Reservoir water depth 

α Multiplicative coefficient  

β Power coefficient 

SWt Final soil water content (mm)  

SWo Initial soil water content (mm) 

Rday Amount of precipitation on day i 

Qsurf Amount of surface runoff on day i 

Ea Amount of evapotranspiration on day i 

Wseep Amount of water entering the vadose zone from soil profile on day i 

Qgw Amount of return flow on day i 

Ia Initial abstraction (mm) 

S Relation parameter 

SNOi Water content (mm) on day i 

Ps Solid precipitation (mm) on day i 

SNOmlt Daily snowmelt amount (mm) 

Esub Evaporation lost by sublimation (mm) 

mm Millimeter 

𝑄0𝑖 Observed discharge of day i 

𝑄𝑒𝑖 Estimated discharge of day i 

bmlt Daily melt factor (mm day-1 °C-1) 



xiv 

 

SNOcov Daily melt factor (mm day-1 °C-1) 

Tsno Daily snowpack temperature (°C) 

Tmax Daily maximum air temperature (°C) 

λ Latent heat of vaporization (MJ/kg) 

Eo potential evapotranspiration (mm/d) 

Ho extra-terrestrial radiation (MJ/d.m2) 

Tavg Average air temperature per day (OC) 

𝑄0
̅̅ ̅ Mean of the observed discharges. 

Vo Observed volumes of water for day i. 

Ve Simulated volumes of water for day i. 

σo Standard deviations of observed flows 

r Correlation coefficient 

σe  Standard deviations of simulated flows 

∆T Percentage change of mean temperature  

∆P Percentage change in annual precipitation  

TXij Daily Tmax on day i in period j 

TNij Daily Tmin on day i in period j 

𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡
𝐺𝐶𝑀  𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡

𝑐𝑜𝑟𝑟  is the corrected estimate of GCM 

𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡
𝑐𝑜𝑟𝑟  Corrected estimate of 𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡

𝐺𝐶𝑀   

ecdf Empirical cumulative distribution function for reference time period 

𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡 
𝐺𝐶𝑀  GCM (projected value) in future at time t, 

𝑒𝑐𝑑𝑓𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝐺𝐶𝑀  Empirical cumulative distribution function of GCM for baseline 

period 



xv 

 

 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑜𝑏𝑠  Empirical cumulative distribution function of observation for 

baseline period. 

𝑂̅𝑝𝑟𝑜𝑗 Bias corrected temperature for future. 

𝑀𝑟𝑒𝑓
𝑇  month-wise bias correction such that and represent means in 

reference time. 

𝑀𝑟𝑒𝑓
𝑂  month-wise bias correction in reference time 

𝜎𝑟𝑒𝑓
𝑇  standard deviations of daily values for month under consideration in 

reference time 

𝜎𝑟𝑒𝑓
𝑂  Standard deviations of daily values for month under consideration in 

reference time 

H Available net head (m) 

P Power generation (MW) 

Qmax Maximum allowable discharge to the turbine  

Pmax Maximum possible power generation for the base case 

𝜂 Overall efficiency of the plant  

𝛾 Unit weight of water (9.8 kN/m3) 

QT Average discharge available for the turbine (m3/s) 

E Total energy generated (GWh) 

∆𝐸𝑖,𝑗 Change in the total energy generated expressed as percentage 

𝐸𝑖,𝑗,𝐶𝐶 Total energy generated in the ith month of the jth year of the CC 

scenario  

𝐸𝑖,𝑏𝑎𝑠𝑒 Total energy generated in the ith month of the base case 

𝐷𝑅𝑗 Total dry season revenue  

𝑊𝑅𝑗 Total wet season revenue 

𝐴𝑅𝑗  Total annual revenue 



xvi 

 

𝑅𝑖,𝑏𝑎𝑠𝑒 Total monthly revenue generated in the baseline period 

𝑅𝑖,𝑗,𝐶𝐶 Total monthly revenue generated in the CC scenario 

∆𝑅𝑖,𝑗 Change in the total revenue 

∆𝐷𝑅𝑗 Change in the dry season revenue 

∆𝑊𝑅𝑗 Change in the wet season revenue 

∆𝐴𝑅𝑗 Change in the annual revenue 

𝜋𝑗 Total annual profit  

𝐶𝑂&𝑀,𝑗 Total annual operation and maintenance cost  

 

  



xvii 

 

LIST OF TABLES 

Table 3.1: Demographical data of the study area ........................................................ 45 

Table 3.2: Meteorological stations in the study area ................................................... 47 

Table 3.3: Hydrological stations in the study basin ..................................................... 48 

Table 3.4: PPA rate for storage type  projects in Nepal............................................... 52 

Table 3.5: Hydrological stations used for SWAT simulation ...................................... 61 

Table 3.6: General performance ratings statistics ........................................................ 62 

Table 4.1: Implication of flow variation for run of the river power plant ................... 77 

Table 4.2: Selected SWAT parameters and their calibrated values. ............................ 81 

Table 4.3: Model calibration and validation statistics at Arughat station. ................... 84 

Table 4.4: Performance of considered methods at Arughat and BGHP dam site ........ 89 

Table 4.5: Evaluation of the considered methods for seasonal discharge estimation at 

Arughat ..................................................................................................... 90 

Table 4.6: Performance rating of different discharge estimation approaches at 

Budhigandaki Dam Site ............................................................................ 91 

Table 4.7: Evaluation of seasonal discharge estimation at Budhigandaki dam site .... 92 

Table 4.8: Summary of precipitation and temperature change indices score of selected 

GCMs ....................................................................................................... 94 

Table 4.9: Final selection GCMs using Taylor skill .................................................... 94 

Table 4.10: Summary of selected GCMs. .................................................................... 96 

Table 4.11: Impact of climate change on long-term mean annual discharge ............ 101 

Table 4.12: One-day-maximum flood frequency analysis. ........................................ 105 

Table 4.13: One-day-minimum flow frequency analysis. ......................................... 106 

Table 4.14: Monthly base case reservoir operating rule variables ............................. 109 

Table 4.15: Average energy generation for the baseline, RCP 4.5 and RCP 8.5 

scenarios ................................................................................................. 113 

 



xviii 

 

LIST OF FIGURES 

Figure 2.1: Classification of hydrological models (modified from Chow, 1988) ....... 22 

Figure 3.1: Budhigandaki River basin ......................................................................... 45 

Figure 3.2: Long term rainfall-runoff pattern of the Budhigandaki basin at Arughat . 49 

Figure 3.3:  Spatial data a) Land Use and Land Cover, b) Soil map. .......................... 50 

Figure 3.4:  Overall methodology of the research ....................................................... 53 

Figure 3.5: Schematic representation of the hydrologic cycle in SWAT…………….58 

Figure 3.6: SWAT hydrological model setup diagram. ............................................... 60 

Figure 3.7: Climate model selection. ........................................................................... 64 

Figure 3.8: Methodological framework for energy economics study .......................... 69 

Figure 4.1: Annual and seasonal rainfall pattern of Budhigandaki River basin .......... 73 

Figure 4.2: Annual maximum, minimum mean and monthly mean temperature of 

BRB .......................................................................................................... 74 

Figure 4.3: Flow statistics of Budhigandaki river at Arughat ...................................... 75 

Figure 4.4: Flow duration curve of Budhigandaki river at Arughat ............................ 76 

Figure 4.5: Loss/gain in flow for different probabilities of flow variation by season . 78 

Figure 4.6: Number of loss years in different scenarios……………………………...79 

Figure 4.7: Seasonal variation in power generation in RoR projects in BRB ............. 80 

Figure 4.8: Calibration and validation hydrographs at daily timestep at Arughat 

Station. ...................................................................................................... 83 

Figure 4.9: Calibration and validation hydrographs at monthly timestep at Arughat 

Station. ...................................................................................................... 83 

Figure 4.10: Correlation between observed and simulated daily flows in calibration 

and validation ........................................................................................... 84 

Figure 4.11: Cumulative volume balance in the calibration period and validation 

period ........................................................................................................ 84 



xix 

 

Figure 4.12: Additional validation of flows at supplementary stations upstream ....... 86 

Figure 4.13: Additional validation of flows at supplementary station at BGHEP dam 

site. ........................................................................................................... 86 

Figure 4.14: Flow duration curve generated from observed and simulated discharge 87 

Figure 4.15: Monthly simulated water balance components in BRB .......................... 88 

Figure 4.16: Comparison of monthly flows at Arughat ............................................... 90 

Figure 4.17: Monthly hydrographs generated by different approaches at Budhigandaki 

dam site ..................................................................................................... 91 

Figure 4.18: Projected changes in annual precipitation and annual mean temperature 

for RCPs .. ................................................................................................ 93 

Figure 4.19: Monthly observed, uncorrected  and bias-corrected precipitation and  

mean temperature for RCP 4.5 of CanESM2......................................................... 97 

Figure 4.20: Change in precipitation, maximum temperature, minimum temperature 99 

Figure 4.21: Precipitation and temperature (observed, bias corrected) of the selected 

GCMs. . .................................................................................................. 100 

Figure 4.22: Hydrographs of monthly ensembled and baseline discharge and their 

changes ................................................................................................... 103 

Figure 4.23: Monthly, variability, frequency histogram and seasonal and annual 

variation of energy generation of the BGHP for the baseline period ..... 110 

Figure 4.24: Distribution of monthly energy generation for RCP 4.5 and RCP 8.5 and 

            three-time windows……………………………………………………111 

Figure 4.25: Seasonal and annual energy generation for considered climate 

scenarios………………………………………………………………112 

Figure 4.26: Revenue generation and their contribution to the annual value for the 

base case and climate change scenarios ................................................. 114 

  



xx 

 

TABLE OF CONTENTS 

DECLARATION ............................................................................................................ i 

RECOMMENDATION ................................................................................................. ii 

LETTER OF APPROVAL ........................................................................................... iii 

ACKNOWLEDGEMENT ............................................................................................ iv 

ABSTRACT .................................................................................................................. vi 

LIST OF ABBREVIATIONS AND ACRONYMS ................................................... viii 

LIST OF SYMBOLS .................................................................................................. xiii 

LIST OF TABLES ..................................................................................................... xvii 

LIST OF FIGURES .................................................................................................. xviii 

TABLE OF CONTENTS ............................................................................................. xx 

CHAPTER 1: INTRODUCTION .................................................................................. 1 

1.1 General ..................................................................................................................... 1 

1.2 Research questions ................................................................................................... 4 

1.3 Objectives the study ................................................................................................. 5 

1.4 Limitations ............................................................................................................... 5 

1.5 Dissertation structure ............................................................................................... 6 

CHAPTER 2: LITERATURE REVIEW ....................................................................... 7 

2.1 Background .............................................................................................................. 7 

2.2 General overview ..................................................................................................... 7 

2.3 Water resources ........................................................................................................ 9 

2.3.1 Global water resources ................................................................................ 10 

2.3.2 National water resources ............................................................................. 11 

2.4 Altered global energy pattern................................................................................. 12 

2.4.1 Global energy perspective ........................................................................... 13 



xxi 

 

2.4.2 National energy perspective ........................................................................ 14 

2.4.3 Status of hydroelectricity in Nepal .............................................................. 15 

2.5 Estimation of flow at basin scale ........................................................................... 16 

2.6 Hydrological modeling .......................................................................................... 18 

2.6.1 Empirical formula to hydrological model ................................................... 19 

2.6.2 Classification of hydrological models ......................................................... 20 

2.6.3 Global use of hydrological model ............................................................... 22 

2.7 SWAT model and its application ........................................................................... 23 

2.8 Commonly used hydrological models in the Nepalese river basins ...................... 26 

2.8.1 Calibration and validation ........................................................................... 27 

2.8.2 Evaluation of SWAT model ........................................................................ 27 

2.9 Climate Change ...................................................................................................... 29 

2.9.1 Historical and future climatic trends ........................................................... 29 

2.9.2 Historical and future climatic trends in Nepal ............................................. 30 

2.10 Impacts of climate change in river hydrology ..................................................... 31 

2.11 Climatic models ................................................................................................... 31 

2.11.1 Types of climate model ............................................................................. 32 

2.11.2 Scenarios in climate change studies .......................................................... 32 

2.11.3 Bias correction methods ............................................................................ 33 

2.12 Energy .................................................................................................................. 34 

2.12.1 Global share of total energy ....................................................................... 35 

2.13 Energy transition .................................................................................................. 35 

2.13.1 Global share of renewable energy ............................................................. 37 

2.13.2 Hydroelectric energy ................................................................................. 37 

2.13.3 Impact of climate change on hydroelectricity ........................................... 37 

2.14 Energy economics of hydroelectric project ......................................................... 38 

2.14.1 Economic impact of electricity and cost of hydroelectricity ..................... 39 



xxii 

 

2.14.2 Impact of climate change in the economics of hydroelectric project ........ 40 

2.15 Research gap ........................................................................................................ 40 

2.16 Overall summary of literature review .................................................................. 41 

CHAPTER 3: MATERIALS AND METHODS ......................................................... 43 

3.1 Background ............................................................................................................ 43 

3.2 Study area............................................................................................................... 43 

3.2.1 General description ...................................................................................... 43 

3.2.2 Demography ................................................................................................ 45 

3.2.3 Geology ....................................................................................................... 46 

3.3 Data and Sources.................................................................................................... 46 

3.3.1 Meteorological data ..................................................................................... 46 

3.3.2 Hydrological data ........................................................................................ 48 

3.3.3 Observed rainfall-runoff characteristics ...................................................... 49 

3.3.4 Spatial data .................................................................................................. 49 

3.3.5 Climate change data ..................................................................................... 51 

3.3.6 Terrain data .................................................................................................. 52 

3.3.7 Energy and PPA rate .................................................................................... 52 

3.4 Methodology .......................................................................................................... 53 

3.4.1 Overall methodology ................................................................................... 53 

3.4.2 Selection of flow estimation method ........................................................... 53 

3.4.3 SWAT hydrological model .......................................................................... 54 

3.5 SWAT model evaluation criteria ........................................................................... 59 

3.5.1 Calibration and validation ........................................................................... 59 

3.5.2 Performance evaluation criteria ................................................................... 61 

3.6 Climate model selection ......................................................................................... 63 

3.7 Bias correction method .......................................................................................... 65 

3.7.1 Bias correction approach for precipitation .................................................. 65 



xxiii 

 

3.7.2 Bias correction approach for temperature ................................................... 66 

3.8 Climatology under climate change ........................................................................ 67 

3.8.1 Climate change impact analysis of future flows .......................................... 67 

3.8.2 Frequency analysis ...................................................................................... 67 

3.8.3 Reservoir operating rule .............................................................................. 67 

3.9 Energy economics .................................................................................................. 68 

CHAPTER 4: RESULTS AND DISCUSSION ........................................................... 72 

4.1 Background ............................................................................................................ 72 

4.2 Historical perspective of hydrology and climatology of the study basin ............... 72 

4.2.1 Precipitation ................................................................................................. 72 

4.2.2 Temperature ................................................................................................. 73 

4.2.3 Flow analysis ............................................................................................... 74 

4.3 Impact of flow variation and power production .................................................... 76 

4.3.1 Impact of flow variation .............................................................................. 76 

4.3.2 Impact of flow variation on power production ............................................ 79 

4.4 Evaluation of SWAT model for flow simulation ................................................... 80 

4.4.1 Calibration and validation of the model ...................................................... 80 

4.5 Hydrological modeling: better alternative to flow estimation ............................... 88 

4.5.1 General approach ......................................................................................... 88 

4.5.2 Performance evaluation at Arughat station ................................................. 89 

3.5.3 Performance evaluation at Budhigandaki dam site ..................................... 91 

4.6 Impact of climate change in river hydrology ......................................................... 92 

4.6.1 Selections of climate models ....................................................................... 92 

4.6.2 Bias correction ............................................................................................. 96 

4.6.3 Climatology under different climate change scenarios ............................... 98 

4.6.4 Variations of mean annual flow ................................................................. 100 

4.6.5 Variation of mean monthly flows .............................................................. 102 



xxiv 

 

4.6.6 Variation in high and low flows ................................................................ 104 

4.6.7 Frequency analysis of Flow ....................................................................... 104 

4.6.7.1 One day maximum flow...................................................................... 104 

4.6.7.2 One-day-minimum flow...................................................................... 106 

4.8 Impact of climate change on river flow ........................................................ 106 

4.9 Impact of CC in hydro electricity production and revenue generation ................ 108 

4.9.1 Reservoir operating rules ........................................................................... 108 

4.9.2 Baseline energy generation ........................................................................ 110 

4.9.3 Future energy generation ........................................................................... 111 

4.9.4 Change in future energy production .......................................................... 113 

4.9.5 Change in future revenue generation ......................................................... 114 

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS ............................... 117 

5.1 Conclusions .......................................................................................................... 117 

5.2 Recommendations ................................................................................................ 120 

5.2.1 Policy recommendation ............................................................................. 120 

CHAPTER 6: SUMMARY........................................................................................ 122 

6.1 General overview ................................................................................................. 122 

6.2 Summary related to ‘specific objective i’ of the study ........................................ 123 

6.3 Summary related to ‘specific objective ii’ of the study ....................................... 124 

6.4 Summary related to ‘specific objective iii’ of the study ...................................... 124 

6.5 Summary related to ‘specific objective iv' of the study ....................................... 124 

6.6 Summary related to ‘specific objective v’ of the study ....................................... 125 

REFERENCES .......................................................................................................... 126 

APPENDICES ........................................................................................................... 172 

APPENDIX -1 PUBLICATION OF RESEARCH ARTICLES 

APPENDIX -2  FIELD PHOTOGRAPHS 

APPENDIX -3 CERTIFICATES OF CONFERENCE PARTICIPATION 



1 

 

CHAPTER 1 

INTRODUCTION  

1.1 General 

Complex interactions between the atmospheric system and the underlying topography 

determine flow of the river. The is a part of rainfall that appears in a stream and 

represents the total response of a basin. Surface flow, subsurface flow, base flow and 

precipitation that directly falls on the stream constitutes the total discharge in the river 

(Chow et al., 1988; Zhang et al., 2018). Historical time series of discharge data is one 

of the most important requirements for planning, operation and control of all water 

resources projects (Dobriyal et al., 2017; Loukas and Vasiliades, 2014; Tallaksen, 

1995) at both local and national scales (Razavi and Coulibaly, 2016; Shin et al., 2021). 

However, availability of measured flow data in many cases is either inadequate or not 

available at all (Loukas and Vasiliades, 2014; Young, 2006). Such situations create 

challenges not only for the optimal use of water resources in ungauged river basins for 

various development works like domestic water supply and sanitation, irrigation, 

hydroelectricity production etc. but also in flood control works (Devkota et al., 2017; 

Mwakalila, 2003). Underestimation of the flows could lead to rejection of attractive 

projects whereas overestimation could have huge implications on the physical 

infrastructure and overall economic feasibility of the projects (Devkota et al., 2020; 

Devkota and Maraseni, 2018).  

Accurate flow estimates are, therefore, necessary at these basins where water resources 

projects are developed. However, measured flow data are not available in most of the 

cases in such project sites (Loukas and Vasiliades, 2014). It is because of the lack of 

sufficient flow gauging stations in most river basins. The situation is more severe in 

mountainous basins (Shin et al., 2021) because of the inaccessibility of most of these 

sites for on-site observations. It is the reason why water budget analyses in such basins 

are not as easy as in the other gauged basins (Alford et al., 2011; Alford and Armstrong, 

2010; Hishinuma et al., 2014; Viviroli et al., 2011, 2007). To address the challenge of 

non-availability of observed data at local level for water resources planning and 

utilization in the river basin, hydrologic simulation method has been widely used in 
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recent years  (Jain et al., 2017; Marahatta et al., 2021b; Meng et al., 2020; WMO, 1989). 

Simulation models provide excellent platforms for evaluating various options for water 

resources as well as environmental planning (Abbaspour et al., 2015; Pandey et al., 

2020a). In hydrological simulation, a hydrologic model which is a simplified software 

representation of the hydrological processes within a basin boundary, is used to 

generate the flow at required locations of the river basin.  

Several studies around the globe have chosen Soil and Water Assessment Tool 

(SWAT), to assess the water availability including either impact of climate change or 

land use changes or both (Tan et al., 2019). The result reveals that SWAT is a suitable 

tool for modelling hydrological responses in both rain-fed and snow-fed basins of 

Nepal. For examples: the SWAT model are used by (Bajracharya et al., 2018) in 

Kaligandaki basin; (Dahal et al., 2016; Lamichhane and Shakya, 2019) in Bagmati 

basin;  (Pandey et al., 2020b) in Karnali basin; (Bhatta et al., 2019) in Tamor basin, and 

(Bharati et al., 2016) in Koshi basin for the assessment of the climate change impact on 

river hydrology.  

Since the beginning of the industrial age, the ability to harness and use different forms 

of energy has led to global economic growth; increase in production and consumption 

which enabled people to perform increasingly productive tasks as well as improve the 

living standards of billions of people (Mohajan, 2019; Stern, 2012). However, scientific 

evidences indicate that huge emission of CO2 and other greenhouse gases (GHGs) in 

the atmosphere is associated with the increasing use of fossil fuel (IPCC, 2015; Yoro 

and Daramola, 2020). The industrial revolution era can, thus, be taken as the starting 

point of Climate Change (CC) as the scientific community has defined it today  (Stern 

et al., 2006a). With the widespread use of fossil fuel and human interventions after the 

first industrial revolution, global warming has emerged as a critical environmental issue 

that has brought the world attention (Le Treut et al., 2005). 

Climate change, rapid population growth, urbanization, industrialization and economic 

development will clearly affect the availability of potential water resources in numerous 

regions (Touseef et al., 2020). Climate change is a global issue; however, researchers 

are more interested in its impact at the local level where planning of water resources 

projects mostly commonly takes place (Li et al., 2021; Touseef et al., 2021). The global 

climate models (GCMs) and regional climate models (RCMs) have been found to be 
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effective tools in developing a better understanding of CC by predicting future climate 

projections (Robock et al., 1993; Tapiador et al., 2020). Lately, it has become very 

convenient to use these GCM/RCM datasets in hydrological models for the impact of 

CC studies on river hydrology and water resources. Comparing future climate 

projections with the baseline period to reach meaningful conclusions have been a 

routine procedure in the hydrological modelling and CC domains. For examples, water 

availability studies using the output of climate models have been carried out at global 

(Barnett et al., 2005), regional (Lutz et al., 2016) and local scales (Dahal et al., 2020). 

Results of such studies vary considerably across the spatial and temporal scales and 

thus a generic conclusion on the impact of CC in water availability cannot be reached 

deterministically. Quantification of available water at the local scale and examining 

how it is impacted by CC is extremely important from the water management 

perspective at the river basin level. One of the main objectives of this study is to analyse 

the impact of CC on the hydrology. Budhigandaki River Basin (BRB) of Nepal, was 

chosen for this study in assessing climate change impact by utilizing SWAT 

hydrological model, and its consequent impact on the hydroelectric energy generation.  

Hydroelectricity is mainly dependent on the temporal variation of river flow, which in 

turn is, largely impacted by CC. Generally, run-of-the-river (ROR) facilities are more 

affected than storage type plants (STPs). Several studies have analyzed how runoff will 

change at the global (Turner et al., 2017b, 2017a; Zhou and Hanasaki, 2018), regional 

(Ali et al., 2018; Zhong et al., 2019) and local (Devkota and Gyawali, 2015; Kaini et 

al., 2020; Marahatta et al., 2021b; Pandey et al., 2019) scales in the future due to CC. 

A common inference from all these studies is that the CC impacts on hydroelectricity 

is largely influenced by the geographical location of the hydroelectricity plant and 

choice of climate models despite high levels of uncertainty in the direction and 

magnitude of the predictions (Marahatta et al., 2021b). 

Despite the worldwide consensus regarding transition to renewables, most studies on 

renewable energy are no longer interested in hydroelectricity because of the resource 

availability, climate change, environmental, social and geo-political concerns. 

However, hydroelectricity is extremely important for countries like Congo, Paraguay 

and Nepal which have abundant water resources, naturally gifted terrain extremely 

favorable for hydroelectricity generation and lack the capital to invest in other 

expensive modern renewable technologies. Nepal is a unique Himalayan country with 
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an economically feasible hydroelectricity potential exceeding 50,000 MW – one of the 

highest in the world (Alam et al., 2017; Jha, 2011). Therefore, hydroelectricity should 

be promoted as an efficient, economical and clean source of energy in this part of the 

world giving due care to minimize the environmental impacts and social issues 

associated with it. Moreover, we find that there are very few studies on the impacts of 

CC focused on hydroelectricity in the Hindu Kush Himalayas (HKH) region and the 

Nepalese Himalaya in particular. 

The current research trend on energy economics is found to be largely focused on fossil 

fuels (Barreto, 2018; Belfiori, 2020; Hanif et al., 2019; Rehman et al., 2021) and other 

water management issues (Pakhtigian et al., 2020). However, research on the effects 

and economic aspect of hydroelectricity is limited (Mattmann et al., 2016). Extending 

this gap further is the micro-economic assessment of the cost and revenue aspects of 

hydroelectricity linked to CC at the project level. Another major aim of this study is to 

address this niche and to pave a way for integrated economic evaluations of the 

hydroelectricity sector.  

1.2 Research questions 

Based on the research gaps identified from the literature review, following research 

questions are established in this study: 

i. How have precipitation, temperature and runoff patterns of the 

Budhigandaki basin changed historically? 

ii. How well can the hydrological model, SWAT, simulate the river hydrology 

of the study basin? 

iii. How does hydrological model output compare with existing methods of 

flow estimation in the study basin? 

iv. What would the impact of climate change be on the river hydrology? 

v. How would climate change affect hydroelectric energy generation and 

consequent energy economics? 
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1.3 Objectives the study 

The main objective of the study is to assess the impact of climate change on river 

hydrology, hydroelectric energy generation and consequent energy economics in the 

Budhigandaki river basin.  The specific objectives of the study are: 

 

i. To quantify variation in precipitation, temperature and runoff patterns at 

different temporal scales. 

ii. To develop well calibrated and validated hydrological model, SWAT, for 

the study basin.  

iii. To evaluate the performance of the SWAT against existing methods of flow 

estimation. 

iv. To assess the impact of climate change on river hydrology under different 

climatic conditions and scenarios for twenty first century. 

v. To analyze the climate change impact on the hydroelectric energy 

generation and its implication on energy economics. 

1.4 Limitations 

This research has been carried out with the following limitations:  

i. The uncertainties associated with the selection of climate models and 

scenarios are the data and model-related limitations of this study.  

ii. Impact of land use change on river hydrology is not considered in this study. 

iii. There are various forms of energy available for different uses. In this study 

only hydroelectric energy is considered while assessing the impact of 

climate change on energy economics. 

iv.  Energy economics of a hydroelectric project encompasses mainly two 

aspects: Cost (capital and recurrent expenditures) and Revenue. The study 

focuses on energy economics as a consequence of change in river hydrology 

due to climate change impact, impact of hydraulic and other structures 

resizing and operational modification are not investigated. These aspects 

may impact in cost stream of the project. Revenue aspect is only considered 

while performing economic analysis in the study. 
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v. Per unit energy price may increase or decrease in the future. However, 

current power purchase rate is considered while calculating the revenue of 

the project even for the future. Further, the exchange rate is also assumed to 

not change in future.    

vi. A number of other direct and indirect benefits such as irrigation, domestic 

and industrial water supply, recreational, fish farming, water transportation, 

and tourism can be accrued because of the hydroelectric project. Only 

revenue generated from electricity sale is considered while assessing 

revenue of the project.    This assessment has considered only the direct 

costs and revenue related to the storage hydroelectricity project. 

1.5 Dissertation structure 

The dissertation is organized into six chapters as the main body, references and 

appendixes. The structure is summarized as follows.  

i. Chapter 1 provides the background, statement of the problem, and 

objectives.  

ii. Chapter 2 presents a review of the published articles, research reports, and 

books relevant to the objectives. Future flow and climate change studies 

have been reviewed. The study established hydrological models based on 

historical hydro-climatic data, and projected change in energy and 

consequence revenue change are also reviewed in this chapter. 

iii. Chapter 3 deals with the detailed description of the methodology framework 

along with the study area in terms of physical characteristic, hydro-climate, 

identify/planned hydroelectric sites, and the other relevant information of 

the river basin.  

iv. Chapter 4 provides results and discussions in line with the five objectives of 

this study. The results of climate change and their impacts on the flow and 

energy production as well as change in revenue generation are discussed 

adequately with reference to the findings of other relevant studies.  

v. Chapter 5 comprises of conclusions and recommendations.  

vi. Chapter 6 comprises of a brief summary. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Background 

This chapter presents a comprehensive review of the available literature to identify 

research gaps relevant to this study. Starting with general overview of the impact of 

climate change on water resources, review of literature begins with water resources at 

global and national levels. It is followed by review of different flow estimation methods 

commonly used in Nepal. Use of hydrological models for this purpose around the globe 

and in Nepal are also presented. It is followed by general findings on climate change; 

i.e., trend analysis of precipitation and temperature; and its consequent impact on river 

hydrology. Such impact on river flow affects the hydroelectricity generation, prime 

renewable energy in the context of Nepal. The sub-sequent section of this chapter is 

focused on the various forms of energy, both renewable and non-renewable, used 

globally and in Nepal. Then a brief review of energy economics focusing on 

hydroelectric energy is covered before coming to the conclusions of this chapter.  

2.2 General overview 

Estimation of stream flow is required for planning water resource projects in a river 

basin. Most of the basins in the Himalayan region are ungauged due to highly rugged 

mountainous terrain where it is very difficult to observe hydro meteorological data. 

Moreover, it is not possible to take measurements at every small catchment and at every 

location of the stream.  

Climate change has been a major global issue since last the decade and serious concerns 

have arisen at national and international level to assess the nature and extent of changes. 

Although, climate change has global implications, studies show that the impacts of 

climate change have a wide range of spatial scales and its affects are also concentrated 

at regional scale although the water management policies target at national level. South 

Asia is expected to be seriously affected by the impacts of climate change due to the 

high dependency of economy on agriculture and water resources in the region (IPCC, 

2007). Glacier melt in the Himalayas is projected to increase flooding, cause rock 

avalanches from destabilized slopes, and affect water resources within the next two to 
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three decades. This will be followed by decreased river flows as the glaciers recede 

(IPCC, 2007). Freshwater availability in Central, South, East and South-East-Asia, 

particularly in large river basins, is projected to decrease due to climate change.  Along 

with population growth and increasing demand arising from higher standards of living, 

climate change could adversely affect people by the 2050s.  

Himalaya regions are sometime referred as third pole which has 34660 km2 of glacier 

reserve. Increasing temperatures will increase the ratio of rain to snow; accelerate the 

rate of snow and glacier melt; and shorten the overall snowfall season. Since the end of 

the Little Ice Age, the temperatures have been generally increasing and the majority of 

the world’s glaciers are retreating (IPCC, 2014). Increasing temperature shifts the 

permanent snowline upward. This could cause a significant reduction of glacial water 

storage in the mountains, which is likely to pose serious problems of water availability 

to many people living downstream. The Himalayan glaciers are melting faster in recent 

years than before (IPCC, 2007). 

This study investigates the potential impact of climate change on future water 

availability in Nepal. The simulation shows the water availability for future dry and wet 

season. In case of dry season, a decline in water availability in the near future followed 

by a tendency to increase to the current amounts is predicted in the late part of century. 

However, in case of wet season there is an increasing trend of water availability in 

future. Considering the whole country for dry season the water availability is expected 

to be decreased in the early part of the century followed by an increasing trend by the 

end of the century relative to present water availability for both scenarios. It is noted 

here that the Himalaya encompasses the world’s third largest glacier systems after 

Antarctica and Greenland, occupying about 15% of the mountain terrain (Anthwal et 

al., 2006), so the study of snow melt pattern in the Himalayan River due to climate 

change clearly linked with the economy in terms of hydroelectricity generation. 

This study is focused to evaluate the influence of climate change on energy production 

for a storage type project (BGHP, 2015) based on water availability generated by 

SWAT hydrological model as discussed in (Marahatta et al., 2021d). The effects of 

hydroelectricity generation depend on the size of operation and the geographical 

location, and the type of hydroelectric facility, e.g., run-of-the-river facilities, usually 

operating with constant water flows and generating electric base load, have different 
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effects than storage plants that rely on dams to store water, for use during times of peak 

demand. This study further compares the revenue generation in annual as well as wet 

and dry periods for future climate change scenarios with the baseline values (Marahatta 

et al., 2022, 2021b). This study provides insightful evidence which shall be extremely 

useful for the planning and design of hydroelectric projects not only within Nepal but 

also the South Asian region drained by numerous trans-boundary rivers such as the 

Budhigandaki river.  

2.3 Water resources 

The region’s water resource is already affected by the rapid population growth, 

urbanization, agricultural and energy demand. Recent extreme events in Nepal shows 

an excess of water in monsoon season (June- September) and scarcity during the rest of 

months of year. In addition, the intensity of the extreme events is also expected to 

increase in the future (Devkota and Gyawali, 2015). Two most important problems 

attributed by climate change in the region are frequencies of floods and droughts. 

Flooding negatively affects the agricultures, livelihoods and infrastructure whereas 

drought affects the crop production specifically the mid and far western parts of the 

country. This review investigates to synthesize the literatures, documenting the 

potential impact of climate change on future water availability in BRB and its effect on 

energy economics particularly in Nepal.  

Water resources is required for agricultural, industrial, and domestic activities and for 

environmental preservation (UNEP, 2012). With the increase in population and 

accelerated growth of urbanization, industrialization, and commercial development, 

demand for water resources of sufficient quantity and quality will continue to increase 

(Devkota and Maraseni, 2018; Flint, 2004; World Bank, 2017). Rivers are primary 

sources for water supply, industries, irrigation, hydro-electricity generation, transport 

and sustaining ecosystems services to the people downstream (Akhtar et al., 2008; 

Miller et al., 2012; Molden et al., 2016; Viviroli et al., 2011). However climate change 

is impacting river hydrology (Devkota and Gyawali, 2015; Pandey et al., 2020a). 

Variation in flow in rivers is high (BGHP, 2015; DHM, 2018) and the impact of 

variation in meeting daily, monthly or seasonal water requirements is seldom studied.  

The design of water related structures such as dams, highway bridges, embankments, 

among others, consists of three basic components: hydrologic design, hydraulic design 

https://en.wikipedia.org/wiki/Agricultural
https://en.wikipedia.org/wiki/Industrial_sector
https://en.wikipedia.org/wiki/Household
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and structural design. Hydrologic design deals with the estimation of the quantities of 

water to be handled at the site of the structure in terms of time distribution, time of 

occurrence and frequency of occurrence (Reddy, 2001). Streamflow time series is, 

therefore, one of the most important data required for the effective water resource 

planning and management at both local and national scales (Razavi and Coulibaly, 

2016). However, availability of measured flow data in many cases is either inadequate 

or not available at all (Loukas and Vasiliades, 2014; Young, 2006). Such situations 

create challenges not only for the optimal use of water resources in ungauged river 

basins for various development works like domestic water supply and sanitation, 

irrigation, hydro-electricity etc. but also in flood control works (Devkota et al., 2017; 

Mwakalila, 2003). Under estimation of the flows could lead to rejection of attractive 

projects whereas overestimation could have huge implications on the physical 

infrastructure and overall economic feasibility of the projects (Devkota et al., 2020; 

Devkota and Maraseni, 2018). Accurate flow estimates are, therefore, necessary at these 

basins where water resources projects are developed.  

2.3.1 Global water resources  

Hydrological cycle is the central focus of hydrology. The cycle has no beginning or 

end, and its many processes occur continuously (Chow et al., 1988). Although the 

concept of hydrological cycle is simple, the phenomenon is extremely complex. It is 

just one large cycle but somewhat is composed of many interconnected processes at 

continental, regional and local scale. The total volume of water in the global water cycle 

is constant but, the spatial and temporal distribution of water of such cycle is continually 

changing at different scales. The regional water balance is the application of water 

balance equation in the surface, sub-surface as well as groundwater movement. About 

96.5% of all water is found in oceans, groundwater and polar ice contains 3.4%, and 

surface and atmospheric system contains only 0.1% of global water (1386X106 km3). It 

is interesting to note that such 0.1% of atmospheric water (12,900 km3) is the driving 

force of the surface hydrology. About two-third (68.65%) of fresh water is stored in 

polar as well as other snow and ice forms, 30.1% in groundwater. Atmospheric, swamp, 

river and biological water are 0.04%, 0.03%, 0.006% and 0.003%  respectively of the 

total global fresh water (UNESCO, 1978). 
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2.3.2 National water resources  

Nepal is a country rich in water resources. Rivers originating from the Nepal Himalayas 

are the sources of freshwater to riparian countries of India and Bangladesh. The Rivers 

flowing from Nepal contribute about 70% of the dry season flow and 40% of the total 

annual average flow 7,125 m3/s (225 billion cubic meters) of the Ganges (Alford, 

1992). The annual average runoff within the Nepalese territory is estimated at 174 

billion cubic meters (76%). The large change in elevation from the high Himalayas in 

the North to the plains in the south over a short width of 130 to 230 km generates 

substantial hydraulic head for development of hydroelectricity (WECS, 2006). Nepal’s 

hydroelectricity potential has been estimated at 83,290 MW based on average river 

flow. Among 83,290 MW, 114 sites (45,610 MW) are technically potential while 66 

sites (42,133 MW) are economically potential (Shrestha, 1966). However, several 

studies in the past have shown that the total potential in terms of installed capacity and 

annual energy of the identified projects are 43,000 MW and 180,000 GWh respectively 

(WECS, 2005). Government of Nepal has issues license of 792 projects (40,848 MW) 

to different public, private and international companies among them 119 projects 

(~1900 MW) ranging from less than 1000 KW to 456 MW are in operation. There are 

3,808 glaciers covering an area of 3,902 km2 with an estimated ice reserve of 312 km3 

with an individual average area of glaciers was estimated 1 km2. The total glacier area 

retreated by 24% between 1977 and 2010, and the estimated loss in ice reserves by 29% 

(129 km3) with an average receded by 38 km2 per year (Bajracharya et al., 2014).  Nepal 

represents nearly 13 % of the total basin area of Ganges, however, discharge from the 

glaciers of the three major catchments of Nepal is about 5,200 million cubic meters 

annually, which represents nearly 4% of the estimated 145,000 million cubic meters 

that flow from Nepal each year into the River Ganges (Alford, 1992; Alford et al., 

2011). Besides, there are 1,466 glacial lakes in Nepal covering an total area of 65 km2 

(ICIMOD, 2011). Despite the abundance of water resources potential, less than 8% of 

water potential is used for irrigation in Nepal (WECS, 2011).  

The government’s priority is to develop hydroelectricity plants that focuses on storage 

projects; currently, the ratio of the reservoir based and pump storage hydroelectric 

projects are at 30-35%, peaking-runoff the river projects at 25-30 %, and alternative 

sources of electricity e.g. solar, wind, micro-hydro etc. at 5-10 % for production mix of 

electricity projects (NPC, 2020). This shift is useful because a storage project addresses 



12 

 

the seasonal variation of river hydrology by storing water during high flow period 

(monsoon season) for power generation during low flow period when the demand for 

electricity is higher in Nepal. Furthermore, they can be used as multipurpose water 

resources projects such as for water supplies for drinking, irrigation and industrial uses; 

recreation; navigation and flood control.  To have a year-round irrigation especially in 

the fertile Terai region (Indo-Gangetic plain), reservoir projects have to be considered 

for irrigation policy of Nepal. Reservoir projects are not only beneficial to Nepal but 

also to India in terms of irrigation and flood control (Pun, 2017; Upadhyay and Gaudel, 

2018). Although stored water of a reservoir can be used for multiple uses, in Nepal they 

are primarily used for hydroelectricity generation.  

Recognizing the importance of energy for socio-economic development, the 

Government of Nepal has plans to replace traditional fuel by electricity and increase 

the per capita energy consumption. To achieve this goal, Nepal has set hydroelectricity 

development as a priority (WECS, 2013) using its annual average available water of 

225 km3 (WECS, 2005) and its topography favorable for hydro-electricity 

development. Hydroelectricity development can contribute to national development 

through reduced imports of fossil fuels, expand the area of land under irrigation and 

diversify the economy in which poor households are more integrated in the economy. 

It can help promote industrialization, sell electricity to neighboring countries and 

generate foreign currency reserves and reduce Nepal’s trade deficit (Alam et al., 2017; 

MoWR, 2009; Thapa and Basnett, 2015).  

2.4 Altered global energy pattern 

Rapid technological, economic and social change that has shaped the modern world is 

due to the industrial revolution. This was the period of great modernization and many 

of the technologies we use today are inventions of the industrial revolution. Energy is 

the prime mover of the modern world. The industrial age began with the availability 

and use of cheap energy in the form of coal and then petroleum products.  Subsequently, 

global economic growth has been based on the ability to harness and use different forms 

of energy (Marahatta et al., 2021b). Traditional energy sources, e.g. human labor and 

animal transport, were replaced with more efficient energy sources, coal and then by 

oil in the early 1900s for powering machines and transportation (O’Connor and 

Cleveland, 2014; Wrigley, 2013). This has led to an increase in the production and 

consumption of energy enabling people to perform productive tasks as well as to 
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improve the living standards (Mohajan, 2019; Stern, 2012). In fact use of and access to 

cheaper fossil fuels have significantly contributed to the rapid economic development 

at the global scale (UNDP, 2020). However, extensive use of fossil fuel since the 

industrial revolution has resulted in the emission of large quantities of CO2 and other 

greenhouse gases in the atmosphere (IPCC, 2015; Yoro and Daramola, 2020). This has 

spawned CC which emerged as a major global environmental challenge and demanding 

the world’s attention (Le Treut et al., 2005; Stern et al., 2006b). 

2.4.1 Global energy perspective 

The global primary energy consumption was 584 Exajoules (162,222 TWh) in 2019. 

Renewable energy contributed nearly ~25% of the global primary energy. Bioenergy 

has the largest share among renewables with approximately 10% of the total primary 

global energy supply. Of the total primary global energy consumption, three renewable 

energy sources hydroelectricity, wind and solar that contribute ~ 3%, ~1% and ~0.5% 

respectively  (BP, 2020).  Hydroelectricity accounts for 17% of the world’s total 

electricity generated (IEA, 2020). Of the total hydroelectricity produced globally in 

2019, the Organization for Economic Co-operation and Development (OECD) 

countries was the largest producer ~35% followed by China ~29% while the Middle 

East generated  less than 1% (IEA, 2020).  

Currently efforts are on to transition from the fossil-fuel based energy systems to 

renewable energy. Hydroelectricity is one of the oldest, well-tested and proven clean 

energy technologies in the world (Awojobi and Jenkins, 2015; Mattmann et al., 2016; 

Ranzani et al., 2018; Tomczyk and Wiatkowski, 2020; Wagner et al., 2019). The 

efficiency in terms of energy returned on investment is high for hydroelectricity 

compared to other renewables (García-olivares et al., 2018; Hall et al., 2014). 

Moreover, the per unit capital cost of this technology is much lower than the other clean 

energy technologies (Best, 2017).  

Currently efforts are on to transition from the fossil-fuel based energy systems to 

renewable energy through the use of water, wind, solar, tidal and geothermal sources. 

Firstly, the potential energy of water is directly converted to electricity without many 

intermediate conversion processes common in the other renewable energy generation 

methods (Siri et al., 2021). Secondly, the efficiency in terms of energy returned on 

investment is high for hydroelectricity compared to other renewables. Significant 
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research and development has been carried out in the last century related to different 

aspects of hydroelectricity such as planning, design of hydraulic structures, electro-

mechanical components, distribution systems, sediment handling, emissions and 

overall water environment management processes (Chang et al., 2018; Devkota et al., 

2016; Janssen et al., 2021; Liu et al., 2020; Mishra et al., 2018; Qin et al., 2020).  

It is seen that countries with relatively smaller energy demands and having abundant 

hydroelectricity potential have a larger share of hydroelectricity in their national energy 

generation compared to countries with high electricity demands. For example, less 

energy consuming countries such as Albania, Congo, Mozambique, Paraguay, Uruguay 

and Nepal have hydroelectricity contributions in the magnitude of 90% of the total 

energy supply. On the other hand, the contribution of hydroelectricity is 17%, 7%, 17%, 

10%, 8% and 12% of the total energy supply in China, USA, Russia, India, Japan and 

France, respectively (IEA, 2020; Martins et al., 2018; Tomczyk and Wiatkowski, 2020). 

Interestingly, some high energy consuming countries such as Norway, Brazil and 

Canada have significant share (95%, 65% and 59% respectively) of hydroelectricity in 

their total electricity supply (IEA, 2020).  

2.4.2 National energy perspective 

The per capita energy consumption of 482 kg oil equivalent (total 14.464 million 

tonnes) in Nepal in FY 2077/078 (MoF, 2021) is very low compared to global average 

of 1,922 kg oil equivalent (World Bank, 2020). The total annual energy consumption 

of Nepal was 586.7 million GJ in the fiscal year 2018/2019 (MoF/GoN, 2020). Three 

categories of sources, namely, traditional, commercial and other renewables constitute 

the energy generation mix of Nepal. Traditional sources had the highest contribution 

(68%) in the mix by far compared to the others for the fiscal year 2018/2019 

(MoF/GoN, 2020). Traditional sources include firewood (62% contribution), 

agriculture residue (3%) and dry dung (3%). Fossil fuels, namely coal and petroleum 

contributed 7 and 19% of the total annual energy consumption. Grid electricity had a 

share of about 4% while other renewable energy technologies contributed to 2% of the 

total annual energy consumption (MOF/GoN, 2020). Total electricity generation in the 

Nepal national grid was 1,458 MW (1,299 MW- hydroelectricity, 30.14 MW- solar, 

53.4 MW-thermal, 72 MW- alternative energy, and 3 MW from co-generation system) 

in FY 2020/2021 (MoF, 2021). The per capita electricity consumption of Nepal was 
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260 KWh in 2021 (MoF, 2021), less than 10% of the world average of 3,132 KWh and 

4% and 18% of China and India respectively (World Bank, 2020).   

2.4.3 Status of hydroelectricity in Nepal 

Hydroelectricity development of Nepal started in 1911 with a 500 KW plant in Pharping 

near Kathmandu (Dixit, 2002). It was constructed in 1882, ~30 years after the first 

hydroelectric plant at Fox river in Appleton, Wisconsin, USA. It is interesting to note 

here that the first hydroelectricity plants constructed in her neighboring countries India 

and China were in 1889 and 1912, respectively. Historical development of 

hydroelectricity in Nepal can be broadly divided into three periods; ~1MW in Rana 

reign, ~225 MW in democratic-panchayat era, and ~1220 MW in democratic-republic 

era.   

At present, total hydroelectricity production in Nepal is around 1,329 MW (excluding 

alternative energy) as of February-March 2021 (Falgun 2077), of which storage plant 

contributed 104 MW (DOED, 2020; MoF, 2021).  After the People’s Movement-II of 

2006 that transformed the country’s political structure into a federal republic, the 

Government of Nepal (GoN) has taken new policy and project level initiatives for 

hydroelectricity development. A task force was formed in December 2008 to formulate 

programs for developing 10,000 MW in 10 years for overcoming the energy crisis  

(MoWR, 2009). This task force has provided the list of storage and run-off-river 

projects with a time-line for development. Similarly, GoN has also proposed a plan of 

development of 25,000 MW in 20 years in 2009 (MoWR, 2010). The government has 

announced plans for developing 3,000 MW of hydroelectricity in three years, 5,000 in 

five years and 15,000 MW in ten years, raising per capita energy consumption from 

245 KWh to 700 KWh by 2022 (NEA, 2019). Moreover, roadmap of energy 

development has been worked out by declaring energy and resource decade from 2075 

BS to 2085 BS by the GoN (MoEWRI, 2019). It includes both storage projects: (16, 

Total Capacity: 9,000 MW) and peaking run-of the river (PRoR) projects (16, Total 

Capacity: 6,000 MW) (MoWR, 2010). 

The total national electricity demand of Nepal in the FY 2020/21 was 8742.30 GWh 

(peak demand of 1475 MW) which was met cumulatively by different producers – 

government, the private sector and import (NEA, 2021). Current installed capacity of 
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the country is 1451 MW (NEA, 2021). On the brighter side, hydroelectricity plants of 

cumulative installed capacity of 943 MW are under construction. 

2.5 Estimation of flow at basin scale 

Complex interactions between the atmospheric system and the underlying topography 

determine the flow of the river. It is a part of rainfall that appears in a stream and 

represents the total response of a basin. Surface flow, subsurface flow, base flow and 

precipitation that directly falls on the stream constitutes the total discharge in the river 

(Chow et al., 1988; Zhang et al., 2018). Historical time series of discharge data is one 

of the most important requirements for planning, operation and control of all water 

resources projects (Dobriyal et al., 2017; Loukas and Vasiliades, 2014; Tallaksen, 

1995). However, measured flow data are not available in most of the cases in such 

project sites (Loukas and Vasiliades, 2014). It is because of the lack of sufficient flow 

gauging stations in most river basins. The situation is more severe in mountainous 

basins (Shin et al., 2021) because of the inaccessibility of most of these sites for local 

observations. It is the reason why water budget analyses in such basins are not as easy 

as in other gauged basins (Alford et al., 2011; Alford and Armstrong, 2010; Hishinuma 

et al., 2014; Viviroli et al., 2011, 2007). However, most of the large rivers (e.g., the 

Ganga, the Indus, the Brahmaputra, the Mekong, the Yellow, the Mississippi- Missouri, 

the Yangtze, the Rio de la Plata, the Yenisei-Angara–Selenga, the Ob-Irtysh, the Amur-

Argun, the Danube, the Volga, the Loire, the Rhine and the Elbe River etc,) in the world 

originate from the mountains and are perennial in nature as they are constantly fed by 

snow and glaciers. Mountain basins might have, thus, been considered as the water 

towers of the world (Alford, 1992; Alford et al., 2011; Alford and Armstrong, 2010; 

Viviroli et al., 2011, 2007).  

Although the global scientific community has put substantial efforts to resolve the issue 

of flow estimation in ungauged basins/sites, a universal solution method is not available 

till date (Zamoum and Souag-Gamane, 2019). Various methods are found in use in 

different parts of the world to deal with this issue. One of the oldest methods of 

generating flow data is the use of regression equation/s developed at the regional level 

(Samuel et al., 2011; Sharma and Adhikari, 2004; WECS, 1990; Young, 2006). Razavi 

and Coulibaly (Razavi and Coulibaly, 2016) reviewed regional methods and 

highlighted that those methods making use of different combinations of physiographic 

information and meteorological attributes, among others, were found to predict 
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streamflow in ungagged basins better. They listed catchment area, elevation, slope of 

basin, rainfall and temperature as the main parameters used in those methods. Another 

popular method is transposition of gauged streamflow data to ungauged sites. One of 

them is the drainage area ratio (DAR) method (Emerson et al., 2005; Yilmaz and Onoz, 

2020). It is based on the assumption that the streamflow at the ungauged site can be 

estimated by multiplying the ratio of the drainage area for this site and the drainage area 

for the gauging site by the streamflow of the gauging site (Emerson et al., 2005). As it 

needs only catchments areas and the observed streamflow of the gauged station, it is 

considered one of the easiest methods of flow prediction and therefore popularly used 

in the past (Yilmaz and Onoz, 2020). One of the variants of the DAR method is MDAR 

(Multiple gauging stations Drainage Area Ratio). In the MDAR method, the weighted 

sum of more than one streamflow gauging stations is used to estimate the flow at the 

site of interest (Ergen and Kentel, 2016). Incorporating the basin rainfall ratio of the 

ungauged basin to the gauged one as a multiplier to the DAR method has been 

considered as an improved version of the DAR method (BGHP, 2015; Emerson et al., 

2005). This method is called as a general transposition (GT) method.   

Hydrological simulation method is a numerical method in which a hydrologic model, a 

simplified software representation of the natural rainfall-runoff process within a 

catchment boundary, is used to generate streamflow data at the site of interest with 

known meteorological data. The hydrological model is first calibrated and validated at 

a gauged basin and then the model parameters are used appropriately at other ungauged 

sites within the modeling domain to simulate the flows using the calibrated model 

(Loukas and Vasiliades, 2014; Wagener et al., 2004). Usually, several statistical 

indicators as well as visual inspection of the results (hydrographs and the water balance 

distribution in particular) are relied upon to determine the performance capacity and 

robustness of the model.  

Since the simulation of the entire hydrologic cycle became a reality by Stanford 

Watershed Model as reported by Crawford and Linsley in 1966 (Crawford and Linsley, 

1966), modeling at large spatial scales and at small temporal scales (Singh, 2018) 

became possible with the recent development in hardware and software capabilities at 

an exponential rate in the last few decades (Maraseni et al., 2021). Being able to use 

precise satellite data such as precipitation in hydrological models has further improved 

the performance and thus the overall applicability of hydrological models considerably 
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around the globe. In recent years, application of hydrological models is becoming 

popular in Nepal, for assessment of water availability, planning purposes and to 

examine the impact of climate change in river hydrology (Bajracharya et al., 2018; 

Bharati et al., 2019; Devkota and Gyawali, 2015; Devkota et al., 2017; Lamichhane and 

Shakya, 2019; Pandey et al., 2020a; Shrestha et al., 2016b). However, they are confined 

mainly to academic research studies. When the world is utilizing artificial intelligence 

as part of a data-driven approach to assist watershed modeling for stream flow 

generation (Daniel et al., 2011), most of the project level studies in Nepal are still using 

coarse conventional methods in ungauged sites in Nepal, especially in the study of 

hydroelectricity projects of different scales (BGHP, 2015; DOED, 2020, 2018a; NEA 

and JICA, 2003). As an awakening step, SWAT (Soil and Water Assessment Tool), a 

public domain hydrological model and capable for hydrological modeling in Nepalese 

catchments (Bharati et al., 2019; Devkota and Gyawali, 2015; Lamichhane and Shakya, 

2019; Pandey et al., 2020c) was used to estimate the flow at ungauged sites in this study 

and compared with other commonly used methods viz. WECS/DHM 1990, NEA 1997, 

DHM 2004, DAR and its variant GT methods.  

2.6 Hydrological modeling  

A hydrological model is defined as a set of empirical equations that helps for the 

estimation of flow as a combined function of various hydro-climatic and spatial 

parameters in the river basin. Hydrological models by definition are simplifications of 

reality and provide a clear understanding of the complex real situations of the watershed 

(Chow et al., 1988; Refsgaard, 1990; Sharma et al., 2008; Sorooshian and Gupta, 1995). 

Models are mainly used for predicting system behavior and understanding various 

components and processes of the hydrological cycle. The perfect hydrological model is 

the one which gives the close to reality with use of minimum parameters. The 

parameters of a hydrological model broadly classified into two parameters; physical 

and process parameter. Physical parameters represent the physical properties of the 

river basin and are usually measurable, such as the catchment area, shape, surface slope 

etc. Process parameters represent basin characteristics that cannot normally be 

measured such as the average depth of water storage capacity, coefficient of 

nonlinearity controlling discharge rates from component stores, etc. 

Hydrological models have become essential and important tools in every hydrological 

study for quantification of water quality and quantity water in the river basin and are 
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receiving increasing attention from researcher and policy makers. Hydrological 

modeling is an attractive option today for solving many practical problems of 

environmental engineering, flood protection, water resources management, and applied 

hydrology in general. Modeling includes studying the system, formulating its behavior, 

collecting and preparing data, building the model, testing it, using it and interpreting 

the results. It is very important when applying models to keep in mind that there is no 

perfect hydrological model which we could expect to produce an output that is the same 

as observed data. 

2.6.1 Empirical formula to hydrological model 

Hydrological modeling (rainfall-runoff modeling) is a representation of the actual 

hydrological processes and characteristics of a basin. Runoff (stream flow) is the part 

of precipitation that appears in a stream and represents the total response of a basin. 

The total runoff consists of surface flow, subsurface flow, ground water or base flow 

and the precipitation falling directly on the stream. The streamflow data is the most 

important data in hydrology as it is required for water budget analysis, planning, 

operation and control of any water resource infrastructures.  A detailed history of 

hydrological model is given by Beven (Beven, 2001; Todini, 1988). Thomas James 

Mulvaney (1822-1892), an Irish engineer took initiative to use rainfall-runoff model 

and published his work in 1851 as the rational method. The rational method can be 

considered as the first hydrological model (Dooge, 1957; Todini, 1988), which relates 

peak flow with basin area and rainfall intensity. Until now, it is the most commonly 

used method for the estimation of peak discharge in the ungauged basin. Green and 

Ampt (Green and Ampt, 1911) derived a physical based model for infiltration, Hazen 

(Hazen, 1914) developed frequency analysis of instantaneous flood and water storage 

requirement, Richard (Richards, 1931) introduced the governing flow for unsaturated 

flow. The concept of unit hydrograph method to transformed effective unit rainfall to 

direct runoff was given by Sherman (Sherman, 1932) which became a milestone in the 

development of hydrological model. Horton developed (Horton, 1945, 1933) 

infiltration theory and description of drainage basin, and the extreme value laws derived 

by Gumbel for hydrological studies (Gumbel, 1941).  The Stanford model developed at 

the Stanford University in 1960s is the first digital computer watershed model 

(Crawford and Linsley, 1966).  



20 

 

During the mid of last century, a number of conceptual and physically-based 

hydrological models were developed and have been extensively used for simulation of 

flow in gauge as well as ungauged basin for the quantification of flow. Numerous 

watershed models have been developed globally after the computer revolution and 

development of geographical information system (GIS). The high-capacity computer 

can able to handle the large amount of data made possible to combine different 

component of hydrological cycle for the quantification of hydrological cycle. HEC 1, 

developed in 1967 at the Hydrologic Engineering Center (HEC) (Arnold et al., 1998). 

A number of conceptual and physically-based models have been developed and used 

for simulation of flow, chemical transport, soil erosion and sediment studies during the 

last couple of  decades for example (Beasley et al., 1980; Beven, 2019, 2001; Beven 

and Kirkby, 2009, 1976; Feldman, 1981; Huggins, 1966; Knisel, 1980; Odoni and Lane, 

2010; Williams and Hann, 1972; Dis et al., 2015; Ross et al., 1977; Tangtham, 1978).  

A mathematical model involves variables and parameters; for examples, parameters are 

assumed constant in the model and variables are quantities which vary in space and 

time. The various components of the hydrological cycle are represented by appropriate 

equations which are solved using appropriate computer software (models). 

Hydrological modeling consists of various steps. Once the objective of the model 

application has been decided, data availability is checked and a model is conceptualized 

for a basin. After having selected or developed the code and collected the necessary 

data, a model is designed giving due consideration to the spatial discretization of the 

study basin, setting boundary and initial conditions. Input of hydrological and 

meteorological (temporal) data along with basin characteristics (spatial data) is the 

subsequent step. Many hydrological models are able to simulate the basin response and 

generate the long-term hydrology of the river system, quantify water balances and 

produce flow duration curves (FDCs) at the desired locations.  

2.6.2 Classification of hydrological models 

Numerous attempts have been made to classify hydrological models (Clarke, 1973; 

Refsgaard, 1990; Singh, 1995; Singh and Frevert, 2010; Todini, 1988). Broadly, 

hydrological model are classified as deterministic and stochastic (Chow et al., 1988). 

A deterministic model is the one which doesn’t consider randomness of the process i.e., 

certain input always produces the same output. A stochastic model has outputs that are 

at least partially random. The deterministic models give forecasts while stochastic 
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models make predictions. It is obvious that the, hydrological phenomena involve some 

randomness. The resulting variability in the output may be relatively small while 

comparing to the variability of the result from the known factor. In that situation, 

deterministic model is more suitable. When the random variation is large, stochastic 

model is appropriate.  

In deterministic lump model, the system is spatially averaged and regarded as a single 

point or region for the simulation of hydrological process without dimension. In 

contract, a deterministic distributed or semi-distributed model, the system considers the 

hydrological processes taking at various points in space and defines the model variables 

as a function of the space dimension. Stochastic models are classified as space 

independent or space co-related according to whether or not random variables at 

different points in space influence each other (Chow et al., 1988).  The practice of 

hydrologic modeling in general heavily relies on mathematics and statistics.   

Empirical (black box) hydrological models called data-driven models, are the non-

linear statistical relationships between inputs and outputs. Principally, they are 

developed from experiments or observation-oriented and depends on input accuracy 

(Knightes, 2017; Kokkonen et al., 2001). For simple rainfall-runoff models, inputs are 

observational time series rainfall and runoff, with outputs of runoff at a specific 

location; general governing equation for empirical models is a function of inputs. Most 

empirical models are black box models, does not know about the internal processes that 

control by what method runoff results are calculated (Beven, 2011; Granata et al., 

2016).  

Conceptual (gray-box) hydrological models are intermediate to empirical models and 

physically-based models, and they generally simplified components (consider laws of 

physics but in quite simplified method) in the overall hydrological cycle or water 

balance equation that convert the rainfall into runoff, evapotranspiration, and 

groundwater. It interprets reservoir storages and simplified equations of the physical 

hydrological process, which provide a conceptual idea of the behaviors in a catchment  

(Devi et al., 2015; Vaze et al., 2012). Each component in the water balance equation is 

estimated by mathematical equations that distribute the rainfall as an input data consider 

physical laws but in high simplified form. 
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Physical hydrological models, the process-based or mechanistic (white box) models, 

are based on the understanding of the governing laws of physics related to the 

hydrological processes (Vaze et al., 2012). Physically based equations govern the 

model to represent multiple parts of real hydrologic responses in the catchment. The 

general physical laws and principles e.g., conservation of mass and energy, water 

balance equations, momentum, kinematics, St. Venant, Boussinesq's, Darcy, Richard's 

equations etc., are some of the equations adopted by physical models (Pechlivanidis et 

al., 2011). Similarly, Wheater (1993) classified hydrological models based on their 

structure, degree of distribution of processes, stochasticity, and spatial-temporal 

variation. The classification of hydrological model is presented in Figure 2.1. 

Figure 2.1: Classification of hydrological models [modified from Chow (1988)] 

2.6.3 Global use of hydrological model 

To address the challenge of unavailability of observed historical data at local level for 

water resources planning and utilization in the river basin, hydrologic simulation 

method has been widely used (Bierkens, 2015; Coron et al., 2012; Jiang et al., 2007; 

Refsgaard, 1997; Sood and Smakhtin, 2015). Simulation models provide excellent 

platforms for evaluating various options for water resources as well as environmental 

planning (Abbaspour et al., 2015). In hydrological simulation, a hydrologic model is 

used to generate the flow at required locations of the river basin.  

Hydrological modeling has become essential in water resources research and 

management from small watersheds to large basins. Hydrological models help 

understand the past and current state of water resources in the study basin and provide 



23 

 

a way to explore the implications of management decisions and biophysical changes 

(Johnston and Smakhtin, 2014). Universities, academic institutions, research centers 

and consultants have developed a number of hydrological models all across the globe 

with specific objectives, capabilities and use. Some models are designed to look at only 

hydrology of a catchment whereas some have additional capabilities such as 

agricultural modeling, water management and energy generation, among others. Some 

of widely used hydrological models are; Hydrologiska Byråns Vattenbalansavdelning 

(HBV), GR4J (Génie Rural à four paramètres Journalier), hydrological model 

(HYMOD), artificial neural network (ANN) based data-driven hydrological models, 

simplified version of the HYDROLOG (SIMHYD), Snowmelt Runoff Model (SRM), 

Sacramento Soil Moisture Accounting (SAC-SMA), and TANK are lumped models 

while the Soil and Water Assessment Tool (SWAT), topographic hydrologic model 

(TOPMODEL), Variable Infiltration Capacity (VIC) and Hydrologic Engineering 

Center—Hydrologic Modeling System (HEC-HMS), Xinanjiang Model are semi 

distributed ones. Variant of Système Hydrologique Européen (MIKE SHE) and 

Visualizing Ecosystem Land Management Assessments (VELMA) are fully distributed 

models. These are either event-based (e.g., Runoff Analysis and Fow Training, RAFT) 

or continuous (e.g., MIKE SHE, SWAT) flow generating models.  

2.7 SWAT model and its application 

Recent studies on hydrological simulation by SWAT can be broadly classified into four 

categories; First, simulation for quantification of water (Gomes et al., 2021; Guevara-

Ochoa et al., 2020; Rafee et al., 2019; Ridwansyah et al., 2019); second, sediment and 

land used land cover (dos Santos et al., 2017; Hosseini and Khaleghi, 2020; Ma et al., 

2020; Martínez-Salvador et al., 2021; Theron et al., 2021); third sediment, water quality 

land use and land cover in the context of climate change (Abbaspour et al., 2015; 

Joorabian Shooshtari et al., 2021; Qi et al., 2020; Vilaysane et al., 2015). Fourth 

categories fall in hydrological extremes (Chen and Chang, 2021; Devkota and Gyawali, 

2015; Khadka et al., 2014; Shrestha et al., 2016a) are some examples how SWAT is 

used for the different purposes. To address the challenge of non-availability of observed 

data at local level for water resources planning and utilization in the river basin, 

hydrologic simulation method has been widely used in recent years (Marahatta et al., 

2021c; WMO, 1989; Jain 2017, Woolridge 2018, Meng 2020). Simulation models 

provide excellent platforms for evaluating various options for water resources as well 
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as environmental planning (Abbaspour et al., 2015). In hydrological simulation, a 

hydrologic model which is a simplified software representation of the hydrological 

process within a basin boundary, is used to generate the flow at required locations of 

the river basin.  

With nearly 5000 publications, the SWAT is clearly one of the most extensively used 

ecohydrological models worldwide. The model has been widely used for projecting 

impacts of future hydro-climatic changes and its capabilities for application in different 

size of the catchment, climates and spatial variation globally (Abbaspour et al., 2015; 

Akoko et al., 2021; Bui et al., 2020; Chen et al., 2020; Marin et al., 2020; Priya and 

Manjula, 2020; Samimi et al., 2020; Tan et al., 2021a, 2020; Wang et al., 2019). 

Besides, it is widely used to study many issues such as flow simulation, erosion and 

sediment study, land use and land cover change, climate change and water quality in 

the six continents.   

SWAT has been extensively used in large river basins, for example;  The Upper Paraná 

river basin  900,480 km2; Danube river basin, covering approximately 800,000 km2; 

Tocantins-Araguaia Watershed  764,000 km2, Upper Mississippi river basin 491,700 

km2; Upper Mississippi river basin  area of 431,000 km2;  Mekong river drains an area 

of 795,000 km2 (Chen et al., 2020; de Oliveira Serrão et al., 2020; Li and Fang, 2021; 

Malagó et al., 2017; Ngo et al., 2018; Rafee et al., 2019).  

Similarly, SWAT is used to simulate the regional scale basin, for example;  southern 

part of Africa, Major river basin includes Orange, Limpopo, Maputo, Buzi, Save, 

Olifants and Groot., 2,179,400 km2 (Chawanda et al., 2020), four watersheds in 

southern Saskatchewan vary between 3,900 and 17,800 km2 (Zare et al., 2022); 14 

studied basins in the Peruvian Pacific drainage (Asurza-Véliz and Lavado-Casimiro, 

2020); six basins at the border region between Ecuador and Peru, with areas that vary 

between 200 and 2642 km2 (Oñate-Valdivieso et al., 2016); Andes, Alps, and Central 

Asia (Omani et al., 2017); It is also used in 36 continental scale river basins of Europe 

including Russia 3,669,247 km2 (Abbaspour et al., 2015); Three, Altai Mountain, 

Tianshan Mountain, and Kunlun Mountain of  Xinjiang (Meng et al., 2020); and 18 

major Indian sub-continental basins were selected for climate change impact 

assessment and sensitivity analysis including Ganga-Brahmaputra-Meghna basin  with 

area 1,100,000 km2 (Mishra and Lilhare, 2016). 
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In addition to large river basin, SWAT is also widely used in micro catchments. For 

instance, the Lake Kyoga basin and covering an area of 31.1 km2, Uganda (Gabiri et 

al., 2020); Damma glacier watershed 10 km2, Switzerland (Andrianaki et al., 2019); 

The Odderbæk catchment is located in northern Denmark. The catchment has an area 

of 11 km2,  Black Brook Watershed  about 14.5 km2, (Qi et al., 2016); Hiso River 

watershed, which is located in the upper Hiso, with an area of 426 ha, Fukushima, Japan 

(Peng et al., 2021); A micro-watershed covering an area of 0.38 km2, Cunha 

Municipality, Sao Paulo State, Brazil (Lucas-Borja et al., 2020). Rio San Giorgio basin 

3082 ha, West Mediterranean Sea (Marras et al., 2021). The Heeia watershed (11.5 

km2) is located in the north-east, windward part of Oahu Island, Hawaii (Leta et al., 

2016); The Pago Watershed 23.41 km2 is located in the east of central Guam (East 

Pacific) (Yeo et al., 2021). 

Moreover, Omani et al. (2017) used SWAT model to simulate five glacierized mountain 

river basins of the world that includes the Narayani (Nepal), Vakhsh (Central Asia), 

Rhone (Switzerland), Mendoza (Central Andes, Argentina), and Chile (Central Dry 

Andes, Chile). Furthermore, Damma glacier watershed in Canada (Andrianaki et al., 

2019),  and 46 small to medium-size catchments in Xinjiang, an arid region China 

watershed of the three mountains, Altai Mountain, Tianshan Mountain, and Kunlun 

Mountain (Meng et al., 2020). Shrestha et al. (2018) has evaluated the hydrological 

responses of SWAT models for 11 basins in two contrasting climatic regions 

(Himalayan and Tropical) of Asia. The Heihe river basin in Northwest China (Ruan et 

al., 2017) are some examples of snow dominated high altitude catchment where the 

SWAT was used to simulate the flow. 

Studies in African  Basins e.g., Oum Er Rbia  and Souss Basin (Morocco), Mangoky 

basin (Madagascar), Blue Nile basin (East Africa) and Tsitsa basin  of South Africa 

(Milewski et al., 2020; Tanteliniaina et al., 2021; Tehsome et al., 2021; Theron et al., 

2021). Asian basin e.g., Upper Mekong basin (south-west China), Budhigandaki (Tibet-

Nepal); Baitarni basin (India), Hailar basin (Inner Mongolia, China), Lhasa basin 

(Tibet) China (Ma et al., 2020; Marahatta et al., 2021a; Padhiary et al., 2020; Yan et 

al., 2020; Yasir et al., 2021). Australia and Oceania basin  (Kundu et al., 2017; Leta et 

al., 2016; Marhaento et al., 2017; Tan et al., 2021b) in Murray‐ Darling basin 

(Australia), Heeia basin (Hawaii), Sami basin (Java), Kelantan basin (Malaysia). 

Europe (Marcinkowski and Mirosław-Świątek, 2020; Nguyen et al., 2018)  Upper 



26 

Narew basin (Poland) and Lower Saxony and North Rhine-Westphalia basin 

(Germany). Middle east, Italy and Mediterranean basin (Hajihosseini et al., 2020; 

Marras et al., 2021; Peker and Sorman, 2021) Helmand basin, a transboundary in (Iran 

- Afghanistan), Rio San Giorgio and Rio Mannu di Fluminimaggiore basins Sardinia 

Island (Italy) and Murat and Karasu basins (Turkey). Black and Northeast Cape Fear 

basins (NC-USA), and  Upper Assiniboine (Canada) of North America (Mapes and 

Pricope, 2020; Muhammad et al., 2020). South American basins (de Oliveira Fagundes 

et al., 2020; Havrylenko et al., 2016) Itapemirim River basin (Brazil) and Arrecifes 

basin (Argentina ). Their result in all six continents reveals that SWAT is a suitable tool 

for modelling hydrological responses in all hydroclimatic and geographical region 

globally.  

Recent studies on hydrological simulation by SWAT can be broadly classified into four 

categories; First, simulation for quantification of water (Gomes et al., 2021; Guevara-

Ochoa et al., 2020; Rafee et al., 2019; Ridwansyah et al., 2019); second, sediment and 

land use land cover (dos Santos et al., 2017; Hosseini and Khaleghi, 2020; Ma et al., 

2020; Martínez-Salvador et al., 2021; Theron et al., 2021); third sediment, water quality 

land use land cover in climate change context (Abbaspour et al., 2015; Joorabian 

Shooshtari et al., 2021; Qi et al., 2020; Vilaysane et al., 2015). Fourth category covers 

hydrological extremes (Chen and Chang, 2021; Devkota and Gyawali, 2015; Khadka 

et al., 2014; Shrestha et al., 2016a) are some examples how SWAT is used for the 

different purposes. 

2.8 Commonly used hydrological models in the Nepalese river basins 

Different hydrological models have been used in Nepalese basins by various 

researchers and practitioners, consultants and academia. Use and objective of the 

models vary which also depends on the cost of data and model, data availability and the 

nature of analysis. Mostly open-source hydrological models are used in Nepal. 

Sometimes the models are proposed by the donors or project partners who are somehow 

involved in the model development too. Since data availability is a major issue for 

Nepal, data intensive models are less preferred over those requiring less data.  The 

hydrological models most popularly used in Nepal are HEC-HMS (Babel et al., 2013; 

Gautam 2015; Shrestha et al., 2014), BTOPMC (Bastola et al., 2008; Manandhar et al., 

2013), snow and glacier models (Bhattarai et al., 2020; Bocchiola et al., 2020b, 2020a; 

Gupta et al., 2019; Kayastha et al., 2020; Khadka et al., 2014, 2020; Mimeau et al., 
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2019; Pokhrel et al., 2014; Shea et al., 2015; Soncini et al., 2016; Thapa et al., 2021), 

J2000 and GR4J (Eeckman et al., 2019; Nepal, 2016; Nepal et al., 2017), other models 

ANN (Sharma et al., 2015), WED-DHM (Shrestha et al., 2012), GRFM (Magaju et al., 

2020), GeoSFM (Bajracharya et al., 2017) and HBV (Bhattarai et al., 2018; Kong et 

al., 2021). Recently SWAT (Bajracharya et al., 2018; Bharati et al., 2019; Bhatta et al., 

2020, 2019; Budhathoki et al., 2021; Chinnasamy and Sood, 2020; Dahal et al., 2020, 

2016; Devkota and Gyawali, 2015; Dhami et al., 2018; Kaini et al., 2020; Kaushal et 

al., 2020; Lamichhane and Shakya, 2019; Maharjan et al., 2021; Marahatta et al., 2021a; 

Mishra et al., 2021; Mishra et al., 2018; Palazzoli et al., 2014; Pandey et al., 2020a, 

2019; Shrestha et al., 2021, 2017; Shrestha et al., 2020; S. Shrestha et al., 2020)  has 

also started gaining popularity among researchers. These studies suggest, the SWAT 

model can be used for assessing the water balance by the establishment of model and 

impacts of climate change, land use land cover changes, and soil erosion both in snow 

fed basins along with rainfed middle Mountain and Siwalik basins. 

2.8.1 Calibration and validation 

Hydrological models are developed with several model parameters, which are adjusted 

by the modeler during the calibration process based on his/her experience by the 

software or a combination of two. When the calibrated model predicts the data 

reasonably as suggested by literatures, it may be considered as satisfactorily simulated 

(Moriasi et al., 2015). Precipitation, surface runoff and sub-surface runoff, 

evapotranspiration, and infiltration are major components in the hydrological process 

in the hydrological cycle among them, precipitation and evapotranspiration are the two 

major components. Due to the limited meteorological stations in river basins in Nepal, 

scarcity of observed relative humidity, wind speed and solar radiation, the estimation 

of potential-evapotranspiration is rather complicated. 

2.8.2 Evaluation of SWAT model 

For the statistical evaluation of the hydrological model, different objective functions; 

e.g., Nash-Sutcliff efficiency (NSE), percent bias (PBIAS), Kling–Gupta efficiency

(KGE), correlation coefficient (R2), mean square error (MRE) and the ratio of root mean 

square error to standard deviation (RSR), are generally used. Besides, P-factor and R-

factor are also used to evaluate model performances. There are no any specific rules 

regarding the statistical evaluation of the hydrological models. SWAT model is no 
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exception on these issues. While evaluating the SWAT model, most studies have used 

three objective functions (Getachew et al., 2021; Grusson et al., 2021; Martínez-

Retureta et al., 2021; Peng et al., 2021; Rafiei et al., 2020; Tanteliniaina et al., 2021; 

Villamizar et al., 2019; Yasir et al., 2021). Some of the published works rely on only 

two objective functions to evaluate the performance e.g., (Akoko et al., 2020; 

Andrianaki et al., 2019; Aznarez et al., 2021; Hajihosseini et al., 2020; Momiyama et 

al., 2020; Thiha et al., 2021). However very few researcher used only one objective 

function for examples (Ma et al., 2020; Malagó et al., 2017; Marcinkowski and 

Mirosław-Świątek, 2020; Meng et al., 2020). Additionally, plenty of researcher used 

four or more objective functions (Aboelnour et al., 2020; Fagundes et al., 2021; Gabiri 

et al., 2020; Havrylenko et al., 2016; Kiprotich et al., 2021; Marhaento et al., 2017; 

Negewo and Sarma, 2021; Orlińska-Wozniak et al., 2020; Pulighe et al., 2021; Rafee 

et al., 2019; Shelton, 2021) to evaluate the model performance. It is interesting to note 

that Touseef (Touseef et al., 2020) used five objective functions (NSE, R2, PBIAS, 

KGE and RSR) to evaluate the SWAT model in Upper Xijiang river basin, a tributaries 

of Pearl river basin, south China. 

There is no consensus for choosing the periods (time steps) for calibration and 

validation in the literature in SWAT. Simulation by Abbaspour et al. (2015) in rivers 

of Europe,  Liu in watersheds of Nevada mountains (USA) (Liu et al., 2021); Genale 

Dawa basin in Ethiopia (Negewo and Sarma, 2021); Budhigandaki basin in Sino-

Nepal (Marahatta et al., 2021a) etc. follow the two-thirds (calibration) and one-thirds 

(validation) period. Most of the simulation was carried out in monthly time steps with 

period over > 20 years  (Asurza-Véliz and Lavado-Casimiro, 2020; dos Santos et al., 

2017; Getachew et al., 2021; Grusson et al., 2021; Martínez-Retureta et al., 2021; 

Martínez-Salvador et al., 2021; Orlińska-Wozniak et al., 2020; Padhiary et al., 2020; 

Pandey et al., 2021; 2021; Rafee et al., 2019; Tan et al., 2021a; Thiha et al., 2021). The 

studies having daily time steps with significant period (> 20 years ) includes (Li and 

DeLiberty, 2020; Milewski et al., 2020; Moazami Goudarzi et al., 2020; Naderi, 2020; 

Petpongpan et al., 2021; Shah et al., 2020; Shukla et al., 2021). However, some 

simulations rely on one year each for calibration/validation periods, e.g.; Lake Kyoga 

basin in Uganda (Gabiri et al., 2020) and Cimandiri catchment of Java Indonesia 

(Ridwansyah et al., 2020). Rafiei et al. (2020) carried out calibration/validation period 

consists of six years (five normal years and one extreme dry/wet year each) in daily 
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time steps. While, Troin et al. (2012) considered 20 years as calibration period (ten each 

dry and wet) and nine years taken as validation period in monthly time scale. 

2.9 Climate Change  

Climate change has become a burning issue in international as well as national 

development forums. Evidences of increase/decrease in the river discharge due to 

climate change have been seen globally and at different regional and local scales due 

to increase in temperature and change is precipitation pattern (Khanal et al., 2021; 

MoFE, 2019). Himalayan region may have significant changes in precipitation, 

temperature as well as glacier retreat, functional changes in wetlands, increased flow 

variability as well as change in flow timings and amounts affecting rural livelihoods, 

agriculture and overall economy due to CC. Water resource is the most vulnerable 

sector which will have large impacts due to CC; when the river is snowfed, the impacts 

are even more pronounced. 

2.9.1 Historical and future climatic trends  

Climate change has become a major challenge and threat to the planet particularly, after 

World War II. Although, alteration in the Earth’s climate has been going on forever, 

we have started acknowledging its impacts on humans and the current environment only 

in the second half of the twentieth century (Le Treut et al., 2005). The first world 

conference on environment held in Stockholm in June 1972 (United Nations, 1973) 

formally opened doors for a dialogue between industrialized and developing countries 

on the link between economic growth, pollution of the air, water, and oceans and the 

well-being of people around the world. Moreover, formation of the United Nations 

Environment Programme (UNEP) is one of the major achievements of the 

Stockholm conference. The UN World Meteorological Organization (WMO) and 

UNEP established the Intergovernmental Panel on Climate Change (IPCC) with the 

objective of conducting and disseminating findings of scientific research on CC in 1988 

(Houghton, 1996). The Second Earth Summit organized by the UN in Rio de Janeiro, 

Brazil, in June 1992 formed a mechanism for cooperation between states, sectors and 

people on issues related to environmental protection and sustainable economic 

development (United Nations, 1992). Further, in 1997, the Kyoto Protocol set the first 

GHG emission reduction targets for industrialized nations. In this regard, a total of 192 

nations of the world committed to reducing their emissions by an average of 5.2% by 

https://www.unenvironment.org/
https://www.unenvironment.org/
https://www.investopedia.com/terms/k/kyoto.asp
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2012 which is popularly referred to as Kyoto Protocol (United Nations, 1998). United 

Nations Climate Change Conference held in December 2009 documented that CC is 

one of the greatest challenges of the present day and prescribed that actions be taken to 

keep temperature increases to below 2°C (UNFCCC, 2010).  

The 2015 Paris Conference of Parties (COP) 21, a global consensus, established that 

the average global warming needs to be kept below 1.5 to 2°C to avoid the irreversible 

threat to environmental, economic, social and political challenges by CC for years and 

decades to come (UNFCCC, 2016). IPCC reports all currently available global climate 

models (GCMs) agree on an increase in global mean temperature over the twenty-first 

century. The latest assessment report by IPCC (AR6) has recommended to limit global 

warming to 1.5°C above pre-industrial levels and related global greenhouse gas 

emission pathways in order to significantly reduce the risks and impacts of CC. COP 

26 in November 2021 at Glasgow take a major step to address the climate crisis 

including a material increase in ambitions to reduce greenhouse emissions across the 

world. However, COP26 fell to deliver the national commitments that would together 

limit warming globally to 1.5°C. Furthermore, COP 26 finalised the rules on reporting 

emissions and international carbon trading, and the launch of a range of new initiatives 

and sector deals.  

2.9.2 Historical and future climatic trends in Nepal 

A gradual increase in maximum temperature is evident from both global and regional 

records. Shrestha et al. (Shrestha et al., 1999) showed that the average annual 

temperature is estimated to have increased by 0.04 to 0.06°C from 1977 to 1994. The 

warming is more pronounced in the higher altitude regions of Nepal such as middle-

mountain and Himalayas, while the warming is lower or even lacking in Terai and 

Siwalik regions. Further, warming in the winter is more pronounced compared to other 

seasons. Analysis of (Shrestha et al., 1999) was extended with more recent data and 

was found that the warming trend is still continuing and the rate of warming has not 

decreased. The widespread warming in the country thus is in agreement with 

projections made by climate models. An increasing trend in temperature was found in 

Nepal (Marahatta et al., 2009). The maximum temperature increased at a greater rate 

(0.05ºC/year) than the minimum temperature (0.03ºC/year). A decreasing trend was 

found in the maximum temperature in the Terai region during the winter season. 

Positive trends are observed in annual (0.056oC/year) and seasonal maximum 
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temperatures. The annual minimum temperature trend is also positive (0.002oC/year), 

minimum temperature shows insignificantly positive trend only in monsoon season. 

However, no significant trend is observed in precipitation in any season (DHM, 2017). 

The average annual temperature and precipitation in Nepal might increase by 1.7 to 

3.6⁰ C and 11 to 23% respectively, until the end of this century. The highest (lowest) 

rates of mean temperature increase by 1.8 to 2.4⁰ C (1.5 to 2.0⁰ C) are expected for the 

post-monsoon (winter) season. The post-monsoon season is expected to have the 

highest increase of 6 to 19% in precipitation by in the medium-term and about 20% in 

the long-term. However, it is likely to decrease in the medium-term period in pre-

monsoon season nearly by 5%  (MoFE, 2019). 

2.10 Impacts of climate change in river hydrology 

Studies have analyzed the impacts that CC could possibly have on river flows at the 

global (Hamududu and Killingtveit, 2016; Turner et al., 2017a, 2017b; Vliet et al., 

2016), regional (Ali et al., 2018; Liu et al., 2016; Meng et al., 2021) and local (Bhatta 

et al., 2020; Marahatta et al., 2021d; Shrestha et al., 2021)  scales. Most of these studies 

use global climate models (GCMs)/ regional climate models (RCMs) in hydrological 

models for making the assessments. It is found that snow dominated areas such as the 

Arctic (Russia, Scandinavian-Baltic countries, Canada, and parts of the US) and the 

Hindu Kush Himalayas; Caribbean countries; South-Central and North China and 

Central-West Africa show significant increase in runoff historically as well as in the 

future projections (Arriagada et al., 2019; Caceres et al., 2021; de Jong et al., 2021; 

Hasan and Wyseure, 2018). On the contrary, Asia Pacific, Australia including Oceania, 

Africa, South America, Europe (Balkan, Mediterranean, Alpine) and the Middle East 

have shown evidence of rapid decrease in runoff in the past, a trend which is expected 

to continue in the future (Bahadori et al., 2013; Caceres et al., 2021; de Oliveira et al., 

2017; Fan et al., 2020; Mutezo and Mulopo, 2021; Mutsindikwa et al., 2020; Poletti 

and Staffell, 2021; Tobin et al., 2018; Uamusse et al., 2017). 

2.11 Climatic models  

General circulation models (GCMs) and regional climate models (RCMs) are the 

numerical models that represent physical processes in the atmosphere, ocean, 

cryosphere and land surface. These are the most advanced tools currently available for 

simulating the response of the global climate system to increasing greenhouse gas 
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concentrations. G/RCMs depict the climate using a three-dimensional grid over the 

globe, typically having a horizontal resolution of between 250 and 600 km, 10 to 20 

vertical layers in the atmosphere and sometimes as many as 30 layers in the oceans. 

There are many G/RCMs available from different climate modeling institutions, 

selection of suitable G/RCMs depends on its availability as well as applicability for the 

study. 

2.11.1 Types of climate model 

The G/RCMs have been found to be effective tools in developing a better understanding 

of CC by predicting climate projections (Robock et al., 1993; Tapiador et al., 2020). 

Scientists of Geophysical Fluid Dynamics Laboratory (GFDL), National Oceanic and 

Atmospheric Administration (NOAA) developed the first coupled ocean-atmosphere 

GCM in the 1960s capable of simulating temperature and precipitation of the past 50 

years (Edwards, 2011; Oceanic et al., 2006). Following GFDL, many other researches 

across the world have developed different climate models. For example, Hadley Centre 

Global Environment Model (HadGEM) (Collins et al., 2011), Canadian Earth System 

Model (CanESM) (Chylek et al., 2011) and Max Plank Institute for Meteorology (MPI) 

(Mauritsen et al., 2019) are some notable GCMs while Seoul National University 

Regional Climate Model (SNURCM) (Lee and Cha, 2020), Max Plank Institute for 

Meteorology - REMO2009 (Müller et al., 2018), Conformal Cubic Atmospheric Model 

(CCAM) (Thatcher et al., 2015) are popular RCMs. G/RCMs cannot represent many 

processes leading to precipitation occurring at a resolution smaller than the grid size, 

thus, downscaling based on the desired region is necessary to improve the quality of 

G/RCMs output to represent the local climatic condition. 

2.11.2 Scenarios in climate change studies 

A set of four Representative Concentration Pathways (RCPs) has been recognized in 

the fifth Assessment Report (AR5) by IPCC. Each of these pathways represent a bigger 

set of scenarios described in scientific literatures, hence named ‘representative’, and is 

a plausible and inherently consistent description of the future. Greenhouse gases 

concentrations are used in RCPs rather than ‘emission’ serving as input to climate 

models. Four RCPs lead to different radiative forcing levels of 8.5, 6.0, 4.5 and 2.0 

W/m2 by the end of this century (2100) and are hence named accordingly. Among these 

RCPs, RCP 2.6 scenario represent mitigation scenario leading to very low forcing level 



33 

 

with drastic changes in technologies. Besides, RCP 8.5 scenario represent very high 

emission scenarios. Whereas RCP 4.5 and RCP 6.0 scenarios are stabilization scenarios 

in which total radiative forcing is stabilized shortly after 2100 (Vuuren et al., 2011). 

Numerous studies in Nepal including (MoFE, 2019) used RCP 4.5 scenario, a 

stabilization scenario, and RCP 8.5 scenario, high emission scenario. 

2.11.3 Bias correction methods 

Climatic data generated from GCM models are used to force hydrological models in 

water resources study. These data provide valuable input to understand the possible 

future behavior of water resources system which is often used in decision making for 

water resources management at local or basin levels. However, direct application of 

GCM data is not carried out. It is  because of the following reasons: (a) GCM models 

have inherent systematic biases which can be due to models' representation of physical 

processes and their parameterization, initializations or some modelers input, and (b) 

They are often incompatible in scale (because of coarser scale) that are necessary for 

hydrological impact studies because they lack regional or local climate information 

since they are focused on global scale climate (Themeßl et al., 2012). In order to apply 

GCM models at local scale, it needs to be made compatible at local or regional scale 

essentially by addressing bias they possess. When GCM model simulation of past 

climate is compared with observed climate, there is inconsistency. GCM model show 

bias in simulating past observed climate. 

Different methods for bias correction for climate variables like precipitation and 

temperature are discussed in different literatures that ranges from simple correction in 

the annual or monthly mean values to complex distribution fitting that corrects entire 

distribution. Further, Hawkins et al. (2013) used delta approach / change factor 

approach in crop modelling in Europe that that are simple and popular methods that 

basically corrects the mean (and variance) of the distribution. Likewise, Schmidli et al. 

(2006) used local intensity scaling (LOCI) approach for downscaled the precipitation 

by using ratio of wet-day intensities between observations and the GCM with the 

adjusted wet-day threshold for GCM precipitation. Lenderink et al. (2007) applied 

linear scaling approach to estimating future discharges of Rhine River by ratio of long-

term averages of observations to long-term average of control run for each 36 intervals 

(10-day average precipitation). Further, tool for bias correction is power transformation 

method for precipitation applied in various studies (Leander and Buishand, 2007; 
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Terink et al., 2021) corrects mean and variance of the precipitation distribution. In 

addition, the approach that not only corrects the mean and variance but also the whole 

distribution, called as Distribution mapping or quantile mapping (Maraun, 2016; 

Maraun and Widmann, 2018; Piani et al., 2010a; Teutschbein and Seibert, 2013) is also 

widely used.  Furthermore, in the case of temperature, the method describe by Hawkins 

et al. (2013) has been widely used for bias correction.  

2.12 Energy  

Energy is important for economic activities and development. Sustainable economic 

growth is the main strategy for almost all countries around the world to achieve mainly 

through energy consumption (Fan et al., 2020). It increases consumption of energy, 

particularly commercial renewal energy like electricity, and promotes economic growth 

of a country (Ghosh, 2002). Due to the high demand of energy for the growing 

population and development in technologies, fossil fuels, a principal energy source, are 

rapidly depleting (Bilgili et al., 2018). Such huge exploitation of fossil fuel to fulfil the 

growing energy requirement is resulting in massive emissions of CO2 and other 

greenhouse gases (GHGs) in the atmosphere and continually increasing since the 

beginning of the industrial revolution. 

Traditional energy sources along with the human labor and draught transport were 

replaced, initially by coal and then by oil in the early 1900s for powering machines and 

transportation (O’Connor and Cleveland, 2014; Wrigley, 2013). Access to such cheaper 

fossil fuels has been a major milestone for modern development pathways (UNDP, 

2020). Since the beginning of the industrial age, the ability to harness and use of 

different forms of energy has led to rapid global economic growth; increase in 

production and consumption which enabled people to perform increasingly productive 

tasks as well as improve the living standards of billions of people (Mohajan, 2019; 

Stern, 2012). However, scientific evidences indicate that huge emission of CO2 and 

other GHGs in the atmosphere is associated with the increasing use of fossil fuel (IPCC, 

2015; Yoro and Daramola, 2020). The industrial revolution era can, thus, be taken as 

the starting point of CC as the scientific community has defined it today (Stern et al., 

2006a). With the widespread use of fossil fuel and human interventions after the first 

industrial revolution, global warming has emerged as an environmental issue that has 

brought the world attention (Le Treut et al., 2005).  
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2.12.1 Global share of total energy 

The combustion of fossil fuel to generate energy in the globe ranges from 97 TWh in 

1800 to 136,761 TWh in 2019 is the primary driver of global warming. The 

International Energy Agency’s (IEA) World Energy Outlook estimates an increase of 

about 50% in the global energy-related CO2 emissions by 2030. The Intergovernmental 

Panel on Climate Change (IPCC) has stated that emissions from fossil fuels are the 

dominant cause of global warming. Globally, the two biggest sectors that contribute to 

climate change are electricity generation (~25%) and food & land use (~24%). The 

share of electricity production of hydroelectricity is 17% (Fan et al., 2020; BP, 2020; 

Chen et al., 2017; Meng et al., 2017) in the global scale however, it varied significantly 

between countries. Magnitudes of GHG and CO2 emission is directly proportional to 

the non-renewable energy consumption while inversely related to renewable energy 

consumption (Salari et al., 2021). IPCC has found that emissions from non-renewable 

energy sources are the dominant cause of global warming and climate change. 

The developing countries are facing contradictions between limiting global warming 

below 1.5oC (UNFCCC, 2016) and achieving economic growth. It is noted here that, 

without consumption of large amounts of energy, economic growth of the developing 

country would not be possible (Vanegas Cantarero, 2020). As a result, the entire world 

is facing severe environmental consequences, the severity being the most in under-

developed countries which are the least capable of withstanding the impacts of climate 

change. There is a global unanimous agreement on the concept of transition from the 

current non-renewable energy production mix to renewable energy dominated mix.  

2.13 Energy transition 

There is a global consensus on the urgent need of transition from the current non-

renewable energy production mix to renewable energy dominated mix. As a result, 

switching towards green energy, such as hydroelectricity, wind, solar, geothermal and 

wave has recently received global attention (Bogdanov et al., 2021; Davis et al., 2020; 

Dietzenbacher et al., 2020; Liao et al., 2021). Among the identified renewable sources 

of clean energy, hydroelectricity is over a century old, tested and well-proven 

technology with significant developments in its planning, design of hydraulic 

structures, electro-mechanical components as well as distribution systems. Likewise, 

studies have also focused on methane emissions, sediment and overall water 
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environment of reservoirs and dams of hydroelectricity project (Janssen et al., 2021; Li 

et al., 2018; Liu et al., 2020, 2019). 

Hydroelectricity is one of the major contributors of electricity, with about 17% share in 

the total world’s electricity generation (IEA, 2020, 2019; Y. Meng et al., 2020). The 

contribution of hydro-energy is found to be substantial in countries with a relatively 

smaller energy demand and high-water availability. However, it varies significantly 

across countries. The IEA reported that the share of hydroelectricity in the gross 

national supply of electricity is 100% in Albania, 99% in Congo, 97% in Mozambique, 

Paraguay and Uruguay, 92% in Iceland, 90% in Nepal and 66% in Venezuela (IEA, 

2020). On the contrary, high energy consuming countries have a relatively smaller 

contribution of hydroelectricity in the current electricity supply. For example, 

hydroelectricity contributes, 1232 TWh (17.2%) in China, 317 TWh (7.1%) in USA, 

193 TWh (17.3%) in Russia, 151 TWh (9.6%) in India, 88 TWh (8.4%) in Japan and 

71 TWh (12.1 %) in France. Some exceptions of high energy consuming countries with 

a high share of hydro-electricity contribution in the total electricity supply are Brazil 

389 TWh (64.7%), Canada 386 TWh (59%), and Norway 140 TWh  (95%), etc. (IEA, 

2020; Martins et al., 2018; Tomczyk and Wiatkowski, 2020). Best (Best, 2017) makes 

an interesting comparison showing that the capital cost of a hydroelectricity project is 

about 4.0 million USD per MW which is only slightly more expensive than a coal plant, 

two-thirds of a nuclear or geothermal plant and one-fourth of the cost of a solar power 

plant. However, Awojobi and Jenkins (2015) and Baurzhan et al. (2021) both compare 

the unit cost (MW) of hydroelectricity projects of the 2010 prices value; Asia (1.4 and 

1.9) while the world average (2.4 and 1.8) million USD respectively.  

The rapid reduction in the cost of renewable energy like solar and wind energy has led 

to these resources being the future of energy systems across the world. In addition, these 

clean energy sources offer pathway to reduce the impacts of CC, particularly to meet 

the Paris Agreement target of keeping the global temperature rise within 1.5 to 2oC of 

the pre-industrial period by the end of this century. The countries in the region, 

including Nepal, India, China and the rest, have plans of adding substantial solar, wind 

and other renewal energy sources to meet its energy and power demand. Nepal is 

however unique as it still has a huge potential for development of its hydroelectricity. 

Hence, it is imperative that Nepal’s hydroelectricity development is able to compete 

and support the energy and power systems of the future both nationally and regionally. 



37 

2.13.1 Global share of renewable energy 

Among the identified renewable sources of energy, hydroelectricity is one of the major 

contributors of energy production, especially in countries with a relatively smaller 

energy demand.  The International Energy Agency (IEA) reports that the share of 

hydroelectricity in the gross supply of electricity represented Albania (100%), Congo, 

Paraguay, Uruguay (99%), Brazil and Iceland (82%), Venezuela (66%) (IEA, 2020). 

Exception - high energy consuming countries (e.g. Norway (100%), Canada (58%) 

according to data for 2019 (Tomczyk and Wiatkowski, 2020) to fulfil their energy 

demand to achieve their economic growth. Climate change is one of the major factors 

that influence river hydrology which ultimately affect the energy generation from 

hydroelectricity projects. 

2.13.2 Hydroelectric energy 

Production of hydroelectricity is a function of flow and head. The capacity of a power 

plant depends on the river discharge in RoR types of projects. In a storage 

hydroelectricity plant, the power generation is based on the reservoir volume, inflow 

characteristics and purpose of its use, such as if a plant is operated for generating 

electricity to meet the daily demand or to meet peak hours’ demand (Liu et al., 2016). 

Whatever the cases, river hydrology plays an important role in hydroelectricity 

generation. Time series of flow data is one of the most important requirements for 

planning, operation and control of all hydroelectric projects (Dobriyal et al., 2017; 

Loukas and Vasiliades, 2014). However, measured flow data are not available in most 

of the rivers listed as potential project sites (Loukas and Vasiliades, 2014). It is because 

of the lack of sufficient flow gauging stations in most river basins. The situation is more 

severe in mountainous basins because of the inaccessibility of most of these sites for 

local observations. It is the reason why water budget analyses in such basins are not as 

easy as in gauged basins. For such situation, hydrological simulation is an essential tool 

to understand the hydrological process of  the basin under the various climate input and 

land management (Meng et al., 2020). 

2.13.3 Impact of climate change on hydroelectricity 

A preliminary review of available literature indicates that a significant number of 

studies have been conducted for the quantitative assessments of impact on 

hydroelectricity due to CC through different systems at various geographical scales 
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such as global scale. Several studies have been carried out to assess the change in energy 

due to impact of CC for both RoR and reservoir projects in the global scale based on 

1593 large hydropower dams in more than one hundred countries. Their results reveals 

both loss/gain in energy simulated globally and at different regional and local scales 

directly affect the energy due to increase/decrease in the river discharge from climate 

change (Turner, Hejazi, et al., 2017; Turner, Ng, et al., 2017), Rio Jubones Basin of 

Ecuador by (Mehedi and Wyseure, 2018). The different hydroelectricity projects 

including Mattmark hydropower system is located in Visp river basin in Switzerland 

(Anghileri, 2018), River basins of Sumatra island in Indonesia (Meng et al., 2017), Toce 

basin of Italy (Ravazzani et al., 2016), Zambezi river basin in South Central Africa 

(Hamududu & Killingtveit, 2016), Guadalquivir river basin of Spain (Solaun and 

Cerdá, 2017), Shire Lake river basin, Malawi (Mtilatila et al., 2020), selected seven 

reservoir projects in India (Ali and Mishra, 2020), hydropower stations located in 

Lusatian Neisse river basins in south-west Poland at the Polish–German–Czech border 

(Adynkiewicz-piragas, 2020); Kaoping river basin in Taiwan (Chiang et al., 2013), 

Denawaka Ganga river basin, Sri Lanka (Khaniya et al., 2020); plans and developed 

hydroelectric projects in China (Liu et al., 2016) including Upper Yangtze river basin 

of China (Qin et al., 2020), Hanjiang river basin in China (Chang et al., 2018). Tobin 

et al. (2018) calculated the flow change due to change in different scales of temperature 

change. The climate change and consequences of power generation from the 

hydroelectric project has, merely, been studied in Nepalese catchment (Mishra et al., 

2020; Shrestha et al., 2021, 2016a) have evaluated the energy generation in both storage 

and runoff the river as well as existing and planned projects e.g., Kulekhani, storage 

now in operation and Tamakoshi Peaking RoR has just commissioned.  

2.14 Energy economics of hydroelectric project 

Electricity is one of the key drivers for overall development of a country. Number of 

past studies have shown that economic development of a country is strongly correlated 

with the access of electricity and its consumption (Aslan, 2014; Devkota, 2020; 

Kamaludin, 2013; Lorde et al., 2010; Stern et al., 2019). It is because electricity brings 

higher agricultural productivity through powering irrigation, food and seed 

preservations, and contributes to effective running of industrial and service sectors. 

Similarly, it enhances productivity of education efforts and health services, and helps 

to improve clean water supply and sanitation. It also helps to create opportunities in the 



39 

 

application of new technologies and ease access to information (Satpathy, 2015). 

Furthermore, hydroelectricity development can contribute to national development 

through reduced imports of fossil fuels, expand the area of land under irrigation and 

diversify the economy in which poor households are more integrated in the economy. 

In the context of Nepal, increase in greater electricity generation is expected to promote 

industrialization, generate foreign currency reserves through export of electricity to 

reduce the trade deficit (Alam et al., 2017; MoWR, 2009; Thapa and Basnett, 2015). 

However, the cost of the electricity production is important from consumer’s point of 

view (Devkota et al., 2022). It is essential to explain that the proposed project is 

economically feasible and likely to generate more benefits than the costs by calculating 

the benefit cost ratio. Benefit cost ratio is defined as the ratio of the annual benefits to 

the annual costs. Annual cost comprises of the cost of the projects, selecting interest 

rates, estimated lives of hydraulic structures, tax and other investment charges, 

relationship between expected frequencies of extreme events of stream flow, and the 

economic design of the hydraulic structures   

2.14.1 Economic impact of electricity and cost of hydroelectricity 

The world currently gets about 80% of its energy supplies from fossil fuels. However, 

the cost advantage of fossil fuels over renewable energy sources is decreases with the 

time, as the renewable energy costs decline further in the future, while price of fossil 

fuel rises. Thus, even without policies to promote a transition toward renewables, 

economic factors are currently moving us in that direction. Best (Best, 2017) makes an 

interesting comparison showing that the capital cost of a hydroelectricity project is 

about 4.0 million USD per Megawatt (MW) which is only slightly more expensive than 

a coal plant, two-thirds of a nuclear or geothermal plant and one-fourth of the cost of a 

solar power plant. Hydroelectricity remains very competitive, less than the cheapest 

new fossil fuel-fired cost project (IRENA, 2020). 

Cost comparisons between different energy sources are made by calculating the 

levelized cost of energy. Levelized costs represent the present value of building and 

operating a plant over an assumed lifetime, expressed in real terms to remove the effect 

of inflation. They are USD 0.073/kWh and USD 0.047/kWh for newly commissioned 

geothermal and hydropower power projects respectively. It is USD 0.068/kWh for solar 

plants averaged globally (IRENA, 2020). Baris and Kucukali (2012) compared the cost 

of a renewable energy sources in Turkey and state that hydroelectricity has the lowest 
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investment cost of $1226/kW, among the renewable energy alternatives. 

Hydroelectricity is, thus, considered as the most preferred renewable energy source 

followed by solar and wind energies to increase their contribution to electricity 

generation in Turkey (Gök, and Kentel, 2015).  

2.14.2 Impact of climate change in the economics of hydroelectric project 

Profit of a project refers to the financial benefit realized when revenue generated from 

a business activity exceeds the expense of the project. Costs of a hydroelectric project 

occur during two distinct time frames – one, during the construction phase of the project 

and two, during the operation phase. Revenue is the amount of money received 

by selling hydroelectric energy generated by the project. It depends on the power 

purchasing agreement (PPA) rate made with the buying agency. Whenever, a 

hydroelectric project is planned, a certain amount of money is to be invested called 

capital investment. Capital investment is usually converted into monthly or annual 

investment with interest rate plus depreciation or as interest plus amortization. The 

appropriate factor to convert an investment into an equivalent annual cost is called 

capital recovery factor. Besides, the capital investment, there will be recuring annual 

investment on maintenance and operation (O&M) costs. Typical values of annual O&M 

costs range from 1% to 4%. The IEA assumes 2.2% for large hydroelectricity, and 2.2% 

to 3% for smaller projects, with a global average of around 2.5%. An average value for 

O&M costs of 2% to 2.5% is considered for large-scale projects (IRENA, 2012). This 

will usually include the refurbishment of mechanical and electrical equipment like 

turbine overhaul, generator rewinding and reinvestments in communication and control 

systems. The construction cost of the physical infrastructure can be assumed to remain 

constant and the annual O&M cost is not affected significantly while evaluating the 

impact of CC on electricity production (Marahatta et al., 2022; Mishra et al., 2020). It 

implies that the cost components of the project remain constant for the base case as well 

as for the future case. The change in profit from hydroelectric project due to the impact 

of the CC is, therefore, simply the difference between the revenue generated from the 

hydroelectricity sales for the base case and for the future case.  

2.15 Research gap 

The impact of CC on runoff and water availability for hydroelectricity projects have 

been studied in different countries such as Brazil, Canada, China, that have abundant 



41 

hydropower potential. There are other studies on renewable energy mostly targeted 

towards advancement of newer technologies and analyses of the conversion from 

current fossil-fuel based to a renewables-dominated. However, the current research 

trend on energy economics is largely focused on fossil fuels and other water 

management issues. Research on the effects and economic values of established 

technologies such as hydroelectricity is rather limited. Extending this gap further is the 

micro-economic assessment of the cost and revenue aspects of hydroelectricity linked 

to CC at the local level. This study attempts to address this research gap and paves way 

for integrated economic evaluations of the hydroelectricity sector. The urgent world-

wide need of switching to green energy has led to hydroelectricity, wind, solar, 

geothermal and wave receiving global attention. Based on the literature review made in 

this study, the following research gaps are identified.  

i. Sufficient researches are not carried out to assess the impact of climate change

on river hydrology and its impact on hydroelectricity production.

ii. Impact of climate change on economics aspect of hydroelectricity project at

the local level is almost non-existent.

iii. Continuum of flow, hydroelectric energy and economics is integrated

considering the impact of climate change in this study

2.16 Overall summary of literature review 

This review provides an analysis of the influence of climate change on energy 

production based on water availability by using currently available literature, scientific 

reports and government documents. It also provides current state of hydrological 

simulation methods and their applications to a broad spectrum of CC scenarios. Studies 

on the hydro-energy of mountainous basins in Himalayan region and its effects in the 

face of changing climate an economic perspective are also evaluated. This study 

specifically quantifies and compares the global hydroelectricity impact due to CC by 

using available literatures in the six continents including arctic, Mediterranean, Balkan 

region as a separate region. Further, comparison with the baseline information for 

climate resilient planning and design of hydroelectricity projects in global scenario to 

narrow down to complex mountainous river basins of Sino-Nepal is presented. The 

ever-increasing demand of water resources utilization for improvement of living 

standard of billions of populations in the world, particularly for energy, water supply 

and agriculture, is increasing pressure on water resources have been explored. Even 
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though water is a basic necessity for improving food production and socioeconomic 

well-being, it has also caused damages to the environment and its related services. 

Balancing water uses for humans and nature is seen as the major challenge of this 

century. This issue is far more complex for the semi-arid regions of Tibet Autonomous 

Region of Peoples Republic of China and the high precipitation area of Federal 

Democratic Republic of Nepal and where water is generally scarce and demands from 

water supply, agriculture, industry, urbanization for the rapidly growing population. 

The high climatic variability and expected ongoing CC further add to the pressing 

issues. This review provides insightful evidence which shall be extremely useful for the 

planning and design of hydroelectric projects not only within Nepal but also the South 

Asian region drained by numerous trans-boundary rivers such as the Budhigandaki river 

due to CC. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Background 

This chapter describes materials and methods used for the study of flow estimation, 

climate change projection and energy economics in the forms of revenue change 

analysis for the future time window under different Representative Concentration 

Pathways (RCPs). Secondary data have been used for this study. Further, four different 

future climate scenarios of each RCPs were generated. Current and future hydrology 

were simulated at the dam site of Budhigandaki Storage HEP using well calibrated and 

validated in SWAT model. The change in revenue was assessed under CC scenarios, 

and is compared with base case scenario. Following sub-sections describe the methods 

in detail. 

3.2 Study area 

3.2.1 General description 

The Budhigandaki River Basin (BRB) is a transboundary river basin bordered in the 

north by the vast Tibetan Plateau, in the south and east by the Trishuli river basin and 

in the west by the Marsyangdi river basin. The BRB is one of the major basins of the 

Narayani river basin of Nepal, which is a major tributary of the river Ganges. About 

one-fourth of the basin area lies in the Tibetan plateau of People’s Republic of China 

(PRC) and the remaining part lies in the Federal Democratic Republic of Nepal (Figure 

3.1). 

Physiographically, the basin falls in the Middle Mountains and the Himalayas. Mount 

Manaslu, the eighth highest peak in the world, is situated in this basin (MCTCA, 2014). 

In the upper part of the basin, the valley slopes are steep, rocky and V shaped. In the 

lower part, the landscape is mature with smooth uniform slopes, which have been 

dissected by actively eroding rivers rejuvenated by the recent uplift of the Himalayas. 

The basin area at the confluence of Trishuli river is 4988 km2, with an average elevation 

of 3723 masl (range: 315 m–8163 m). It is about 113 km long and between 15 and 30 

km wide. BRB lies in Gorkha and Dhading districts in between the Bagmati and 

Gandaki provinces of Nepal and Kerong county of Tibetan Autonomous Region of 
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China between latitudes 27o 50' and 28o00' N and longitudes 84o30' and 85o10' E. The 

major tributaries of Budhigandaki river are Tom (Dogar), Syar and Ankhu Khola. The 

other tributaries of the Budhigandaki are Larke, Athahra Saya, Phurba Dhyapsa, Hinan, 

Gungan, Sanchu, Seran, Udilun, Sayale, Sanamchu, Chulung, Bhalu, Yaru, Pangair, 

Dowan, Namrung, Machi, Richet, Aarkhet, Kaste, and Jyadul Khola.  

The hydrology of the basin has been established with respect to the gauging station No. 

445 at Arughat, located approximately 30 km upstream of its confluence with the 

Trisuli River (BGHP, 2015; Marahatta et al., 2021c, 2021d, 2021b; Singh and 

Saravanan, 2020). Long-term annual rainfall of the BRB is 1495 mm with an extremely 

high spatial variability within the basin. Rainfall intensities vary throughout the basin 

with maximum intensity occurring on the south facing slopes of the mountains. The 

station Arughat receives an annual precipitation of greater than 2500 mm while the 

Tibetan part of the basin receives less than 700 mm. The mean annual flow of the 

Budhigandaki river upstream of Trishuli confluence is estimated to be 240 m3/s 

(Marahatta et al., 2021b). The temperature varies from −2.0 °C in winter to 33.0 °C in 

summer in the study basin. The flow is minimum in the months of February and March 

and begins to rise with the onset of the monsoon. It peaks in July or August, after which 

it starts to decrease. The maximum monthly average discharge of 982 m3/s occurs in 

August, while the minimum monthly average flow of 52 m3/s in February. 

The Budhigandaki River has been dammed twice near Lapubesi in 1967, and August 1, 

1968. The landslide dam in 1968 blocked the river for 29 hours, created a 60 m deep 

lake and reduced the river depths from 4 m to 0.9 m at Arughat station. When the 

landslide dam breached, the water depth jumped to 14.61 m. The peak flow 

immediately after the breach of landslide dam outburst flood (LDOF) on August 2, 

1968, was estimated ~5,210 m3/s,  more than twice the mean annual instantaneous flood 

of 2,380 m3/s (Marahatta, 2015; Shankar, 1969). The flood swept 24 houses at Arughat 

Bazaar, and many suspension bridges downstream of the dam. 
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Figure 3.1: Budhigandaki River Basin 

3.2.2 Demography 

The BRB covers the two districts in Nepal and one county in PRC with a total 

population of these three administrative regions is 594,732 consisting of 48 % male and 

52% female. The total number of households in the districts/county area is about 

144,500 and the average household size is 4.2 persons. The percentage of male is 48% 

in Nepal while in Tibet it is 53%. The demographical data of the study region is shown 

in Table 3.1. 

Table: 3.1: Demographical data of the study area 

 

 

SN District/County Province/Prefecture Total Male Female Reference Year  

1 Dhading Bagmati 322,758  49% 51% 2021 

2 Gorkha Gandaki 254,438 48% 52% 2021 

3 Kyirong Shigatse   17,536  53% 47% 2020 
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3.2.3 Geology 

The BRB mainly comprises lesser and higher Himalayan rock sequences.  Geologically, 

the catchment area is intersected by two major thrusts called Main Boundary Thrust 

(MBT) and Main Central Thrust (MCT). Fuchs (1982) prepared a regional geological 

map of the entire Himalaya. Based on these two studies: extreme north of catchment 

comprises Tibetan Tethys sequence which is followed by Triassic–Jurassic formations 

comprising mainly carbonate rocks to the south. Further south, Himal Group rocks 

mainly garnet biotite gneisses, kyanite biotite gneisses, garnetiferous mica schist, augen 

gneisses etc. have been reported. Carbonaceous slates, green shales, dolomite and 

dolomitic limestone interbedded with slates were mapped to the south of these higher 

Himalayan crystalline rocks. Weak rock types and the area lying on the MCT zones 

may place this area relatively more susceptible to mass. The major rock types of all 

aforementioned formations include phyllites, shales, slates, limestones and dolomites 

with characteristic colors, grain size, sedimentary structures etc. unique to each 

formation. Areas in the vicinity of these mega geological structures may be more prone 

to landslide hazard and subsequently to LDOFs because of the crushed and fractured 

zones as a result of the past tectonic movement and high seismic activities in the region. 

3.3 Data and Sources 

3.3.1 Meteorological data 

Meteorological data from eight stations in and around the study basin (1981–2015) 

were used as input to the model (Figure 3.1). Two stations have both observed 

precipitation and temperature data while the remaining six stations have only 

precipitation data. Gridded data of precipitation and temperature for the Tibet part of 

the basin was also used in the study. The number of years with complete daily rainfall 

data missing was determined during the study for a station and then percentage (%) of 

data missing were computed. The date of establishment of rainfall stations, the period 

availability of the rainfall along with their locations and percentage (%) of data 

availability years is presented in Table 3.2. The stations Chhekapar (833), Machha 

Khola (840), Barpak (850), Namrung (839) and Chumchet (869) are the most 

important precipitation stations in the basin. However, due to unavailability of long 

series of data, these stations have not been used in the analysis. Quality checking of the 

data was done through various methods: homogeneity test, outliers checking, inter 
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parameter consistency checking, spatial checking and double mass curve analysis. The 

average areal precipitation over the catchment was calculated by the Thiessen polygon 

method (Thiessen, 1911) using geographic information system (GIS). Considering the 

above availability of rainfall data and the necessity to give the equal weights for all the 

meteorological stations, the period of 35 years between 1981 and 2015 has been 

selected as the common base period. This is done in accordance with the WMO practice 

(WMO, 1989) which states a normal standard period that has 30 years of continuous 

mean monthly climatological data, which is required for any climatic analysis. 

Table: 3.2: Meteorological stations in the study area 

Name 
Types of 

Station 
Lat. Long Elev. 

Data 

Available 

% 

Available 

Data 

Established 

Date 

Jagat Precipitation 28.37 84.90 1334 93.7 1957-2016 Jul-57 

Larke Samdo Precipitation 28.67 84.62 3650 90.8 1979-2016 Jun-78 

Gorkha Agro-met 28.00 84.62 1097 96.2 1957-2016 Jun-56 

Gharedhunga Precipitation 28.20 84.62 1120 95.7 1976 -2016 Jul-76 

Chhekampar Precipitation 28.48 85.00 3300 37.5 1978-2016 Jun-78 

Machha Khola Precipitation 28.23 84.87 550 89.9 2007-2020 Jun-99 

Barpak Precipitation 28.20 84.74 1889 98.8 2007-2020 Jun-99 

Namrung Precipitation 28.55 84.77 NA 71.2 2007-2019 Jun-99 

Chumchet Precipitation 28.43 84.90 NA 76.7 2012-2019  Jun-99 

Timure Climatology 28.28 85.38 1900 91.7 1956-2016 Jun-56 

Arughat Bazar Precipitation 28.05 84.82 518 70.3 1957-2016 Jun-57 

Nuwakot Climatology 27.92 85.17 1003 87.3 1956-2016 May-56 

Dhading Climatology 27.87 84.93 1420 82.2 1956-2016 May-56 

Dhunche Climatology 28.10 85.30 1982 86.7 1972-2016 Nov-71 

Pansayakhola Precipitation 28.02 85.12 1240 93.3 1973-2016 Jan-73 

Tamachit Precipitation 28.17 85.32  1847 96.6 1972-2017 Nov-71 

Laprak Precipitation  28.22  84.80  2115 91.5 2014-2020 
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Name 
Types of 

Station 
Lat. Long Elev. 

Data 

Available 

% 

Available 

Data 

Established 

Date  

Majhimtar Precipitation 27.80 84.95 460 81.0 2012-2020 Oct-99 

Gajuri Precipitation 27.80 84.88 NA 96.6 2008-2020 Apr-99 

Sakher Precipitation 28.23 84.38 NA 91.4 2007-2020 Apr-99 

Taal Precipitation 28.47 84.38 1600 81.9 2007-2020 Jul-99 

Tibet1 Climatology 28.833 84.58 4866 100 1956-2015  

Tibet2 Climatology 28.765 84.70 4582 100 1956-2015  

 

3.3.2 Hydrological data 

For this study, long term daily streamflow data of Budhigandaki River at Arughat is 

considered from 1964 to 2015 (DHM, 2018). Daily flow data (1983–2012) of 

Budhigandaki river at Arughat gauging station has been used for calibration and 

validation of the model. Similarly, short term flow data available at the damsite of the 

proposed Budhigandaki Storage Hydroelectric Project (2013–2014) lying downstream 

of the Arughat station and headwork sites of two proposed run of the river hydroelectric 

projects, viz., Budhigandaki Ka HEP and Budhigandaki Kha HEP (2009) lying 

upstream of Arughat (Figure 3.1) were also used for additional validation of the model. 

The available flow data of Ankhu Khola at Ankhu Bazar did not pass the quality test. 

Therefore, the data of Anhu Khola was not used in this study. 

Table: 3.3: Hydrological stations in the study basin 

Station 

Name 
Location Lat. Long 

Basin 

Area 

(km2) 

Data 

Available 

% 

Available 

Data 

established 

Date  

Budhigandaki Arughat  28.04 84.82 4270 93.3 1964-2015 Nov-63 

Budhigandaki Tatopani 28.52 84.86 3784 100 2009 Jan -09 

Budhigandaki Machha Khola 28.50 84.86 4017 100 2009 Jan -09 

Budhigandaki Sirenitar 27.83 84.77 4986 100 2013-2014 Dec -12 

Ankhu Ankhu Bazar 27.97 84.81 768 45.5 1987-2012 1967 
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3.3.3 Observed rainfall-runoff characteristics 

Long term monthly average precipitation and observed flow (1983–2012) based on 

Department of Hydrology and Meteorology (DHM) at Arughat gauging station is 

depicted in Figure 3.2. The figure shows that the flow closely follows the precipitation 

pattern of the basin. Long term annual basin precipitation has been calculated as 1300 

mm (maximum 278 mm in July and minimum 11 mm in November). Similarly, the 

long-term average and standard deviation of the annual flows are 163 m3/s and 156 

m3/s, respectively.  

 

Figure 3.2: Long term rainfall-runoff pattern of the Budhigandaki river basin at 

Arughat 

3.3.4 Spatial data 

Shuttle Radar Topography Mission (SRTM; 1 arc second horizontal resolution) DEM 

was used to delineate the river network and sub-basins. Landuse and land cover (LULC) 

data were obtained from DoWRI Irrigation Master Plan Preparation through Integrated 

River Basin Planning (Dataset). Soil data of the Tibetan part of the basin was taken 

from Soil Terrain Database Programme (SOTER) which is at 1:1 million scale whereas 

soil data for Nepal was also obtained from DoWRI. LULC and soil maps of the basin 

are shown in Figure 3.3 (a-b) respectively. LULC data was categorized into nine classes 

while soil data was segregated into 17 classes. BRB is covered by snow and glaciers 
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(SNGL-29%), followed by forest (FORS-23%), barren (BARN-21%), shrub and 

grassland (SHGR-18%) and agriculture (AGVT, AGST, AGLT-8%). River (RIVR) and 

residential built-up area (RESI) covers the least portion (~1%) of the total area. It can 

be seen from Figure 3.3b that hard rock mass in mountainous terrain (RockRock) covers 

a significant part (~33%) of the basin while inceptisols with loamy sand texture 

(IncSand) covers about 21% of the basin area. Gelic leptosols with rocky texture 

(LpiRock-13%) and gelic leptosols with loamy skeletal texture (LpiSkel-10%) are also 

found in different parts of BRB. Entisols with sandy texture (EntSand-7%), spodosols 

with sandy texture (SpoSand-5%), inceptisols with loamy texture (IncLoam-3%), 

alfisols with loamy texture (AlfLoam-3%) and eutric leptosols with rocky texture 

(LpeRock-3%) are also found in small patches. Inceptisols with loamy skeletal texture 

(IncSkel-1%), eutric leptosols with sandy texture (LpeSand-1%), entisols with loamy 

skeletal texture (EntSkel-0.5%), haplic luvisols with loamy texture (LvhLoam-0.4%), 

mollisols with sandy texture (MolSand-0.2%), leptosols with loamy texture (LpLoam 

< 0.1%), leptosols with loamy skeletal texture (LpmSkel < 0.1%) and entisols with 

loamy texture (Entloam < 0.1%) are found in traces.  

Figure 3.3:  Spatial data a) Land Use and Land Cover, b) Soil map of the study basin 

a) b) 
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3.3.5 Climate change data 

The United Nations Framework Convention on Climate Change (UNFCCC) in its 

Article1, defines climate change as: “a change of climate which is attributed directly or 

indirectly to human activity that alters the composition of the global atmosphere and 

which is in addition to natural climate variability observed over comparable time 

periods”. The UNFCCC thus makes a distinction between CC attributable to human 

activities altering the atmospheric composition, and climate variability attributable to 

natural causes. Climate change refers to a change in the state of the climate that can be 

identified (e.g., by using statistical tests) or by changes in the mean and/or the 

variability of its properties, and that persists for an extended period, typically decades 

or longer. Climate change may be due to natural internal processes or external forcing 

such as modulations of the solar cycles, volcanic eruptions, and persistent 

anthropogenic changes in the composition of the atmosphere or in land use. Future data 

of different GCMs to assess the impact of CC on the Budhigandaki River Basin was 

projected for 79 years (2021-2099). Climate data were considered for two RCPs 4.5 

(stabilization scenario) and 8.5 (high emission scenario) of the IPCC AR5 (Vuuren et 

al., 2011). Brief description of the selected GCMs and their selection criteria, bias 

correction methods, impact of CC on climatic parameters and hydrology, and frequency 

analysis of extreme flows. 

Climate change presents increasing challenges for energy production and transmission. 

A progressive temperature increase, an increasing number and severity of extreme 

weather events and changing precipitation patterns will affect energy production and 

delivery. The supply of fossil fuels, and thermal and hydropower generation and 

transmission, will also be affected due to CC. 

Climate change is occurring due to human interference and it poses risks for both 

humans and natural system. The assessment of impacts, adaptation and vulnerability 

must be carried out and must evaluate how patterns of risks and potential benefits are 

shifting due to CC. In recent decades, changes in climate have caused impacts on the 

natural and human system on all continents and across oceans. Evidence of climate 

change impacts is strongest and most comprehensive for the natural system. In many 

regions, changing precipitation or melting snow and ice are altering hydrological 

systems, affecting water resources in terms of quality and quantity. Glaciers continue 
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to shrink almost worldwide due to climate change affecting runoff and water resources 

downstream. 

3.3.6 Terrain data 

The reservoir water surface area (A) is estimated as a power function of its depth (y) as 

given in Equation 3.1 Devkota et al. (2022). 

A = αyβ        (3.1) 

The best fitted value of the multiplicative coefficient (α) is 1360 and the power 

coefficient (β) is 2.0 which have been used for further calculations.  

3.3.7 Energy and PPA rate 

Energy table of BGHP (BGHP, 2015) is collected from the Budhigandaki 

Hydroelectricity Development Committee and power purchasing agreement (PPA) rate 

is adopted by the minutes of Nepal Electricity Authority (NEA) board meeting held on 

April 27, 2017 (NEA, 2017). The seasonal and annual revenues equivalent to the 

generated monthly energy for the climate change scenarios were then calculated using 

the power purchasing agreement PPA rates  (Table 3.4) fixed by the Nepal Electricity 

Authority (NEA, 2017) and compared with the base case. 

Table: 3.4: PPA rate for storage type projects in Nepal 

Season Rate NRs/kWh Min. Dry season energy 

required 

Dry  

(Mangsir 16-Jestha 15) 

12.40 35% 

Wet 

(Jestha 16- Mangsir 15) 

7.10 

If wet season energy is 

more than 50%, this rate 

shall be decreased by the 

excess % 

 

If dry season energy is less than 35% of annual energy, a storage project shall be 

considered as a PROR project for applying the power purchase rate.  
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3.4 Methodology 

3.4.1 Overall methodology 

This study adopts a model-based approach to assess impacts of projected future climate 

on revenue generation in the BRB. Figure 3.4 depicts an overall flowchart of adopted 

methodology and following sub-sections describes them in detail. Future climate was 

projected from GCMs. Historical baseline flow, future runoff and energy generation in 

both baseline and future were assessed using a hydrological model developed in SWAT. 

Based on the research questions, the detailed flow chart of the specific objectives are 

shown in the subsequent section. 

 

 

Figure 3.4:  Overall methodology of the research 

 

3.4.2 Selection of flow estimation method 

Estimation of the available flows at sites of water resources project development in 

ungauged basins is carried out by various methods. Out of these methods, design values 

are fixed by the site conditions and evaluation of the designer. The approaches 

commonly used in Nepal are given below. 

i. Hydrological Simulation Method 

ii. WECS/DHM 1990 Method 

iii. NEA 1997 Method 
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iv. DHM 2004 Method 

v. Drainage Area Ratio (DAR) Method 

vi. General Transposition (GT) Method 

Six evaluation indicators have been compared for the different discharge estimation 

methods for the BRB (Marahatta et al., 2021c). All the indicators are given equal 

weights. The lowest performing method was assigned a value of 1 while the highest 

performing a value of 6 in increments of one. In case of equal values for different 

methods, the average value is considered. The average performance value of each 

approach was calculated by Global Performance Index (GPI) which is mathematically 

presented in Equation 3.2. 

𝐺𝑃𝐼𝑗 =  
𝑅𝑗

2+𝑀𝐴𝐸𝑗+𝑅𝑀𝑆𝐸𝑗+𝑃𝐵𝐼𝐴𝑆𝑗+𝑁𝑆𝐸𝑗+𝐾𝐺𝐸𝑗

6
    (3.2) 

Where, j = index corresponding to the method under consideration  

Higher value of GPI indicates better performance for monthly flow estimation and vice 

versa. It is noted here that GPI value of Soil and Water Assessment Tool (SWAT), 

hydrological simulation method was found better for the monthly flow estimation as 

compared to other methods. So, SWAT has been taken as the best method of flow 

estimation in BRB catchment. 

3.4.3 SWAT hydrological model 

SWAT (Arnold et al., 1998) is a continuous, semi-distributed, and process-based 

hydrological model with open source code developed by the U.S. Department of 

Agriculture Agricultural Research Service (USDA-ARS). It is widely and successfully 

used to simulate hydrological cycles, crop growth, sediment yields, and agricultural 

chemical transport on a daily time step to evaluate the effects of alternative management 

decisions on water resources and non-point source pollution in large river basins with 

varying soils, slopes and land use management conditions. SWAT was designed on the 

water balance concept and has been extensively used on different scales and application 

around the world (Akoko et al., 2020; Asurza-Véliz and Lavado-Casimiro, 2020; 

Brouziyne et al., 2020; Getachew et al., 2021; Guevara-Ochoa et al., 2020; Huang et 

al., 2020; Kundu et al., 2017; Liu et al., 2021; Malagó et al., 2017; Marahatta et al., 

2021b; Marhaento et al., 2017; Marras et al., 2021; Nerantzaki et al., 2020; Omani et 

al., 2017; Peker and Sorman, 2021; Qi et al., 2020; S. Shrestha et al., 2020; Vanderkelen 



55 

 

et al., 2018; Venetsanou et al., 2020). In 1990s, the first version of SWAT 94.2 was 

developed and released, and for the first time, Arnold in 1994 published a peer-

reviewed description of a GIS interface for SWAT. The current SWAT model contains 

the key elements contributed by the USDA-ARS model (Arnold et al., 1998). The 

purposive use of the SWAT model is to predict the impact of climate on water 

resources, as well as sediment and chemical yield in a large scale of the ungauged basin 

(Glavan et al., 2011; Hosseini and Khaleghi, 2020; Ma et al., 2020; Mapes and Pricope, 

2020; Pandey et al., 2021; Rafiei et al., 2020; Ricci et al., 2018; Rodrigues et al., 2019; 

Theron et al., 2021). The SWAT model is used to predict the influence of land use and 

land cover change on water in a vast watershed over a long time with different 

conditions (Aawar and Khare, 2020; Joorabian Shooshtari et al., 2021; Rahimpour et 

al., 2021; Rani and Sreekesh, 2021; Shelton, 2021; Sinha et al., 2020; Worku et al., 

2017).  

SWAT simulates catchment processes such as evapotranspiration, runoff, crop growth, 

nutrient and sediment transport on the basis of meteorological, soil, land cover data and 

operational land management practices (Neitsch et al., 2011). The model discretizes a 

catchment into sub-catchments and further into one or more hydrological response units 

(HRU), which represent unique combinations of land cover/land used, soil type and 

slope. The discretization method employed by SWAT enables the model to simulate 

catchment processes in detail and to understand the response of unique HRUs to 

hydrological processes. An HRU is the smallest spatial response unit where many 

physical processes such as hydrological cycle, soil erosion, nutrient and pesticide 

transport are simulated. Primary input data include digital elevation model (DEM), land 

use, soil, and weather (i.e. precipitation, temperature, wind speed, solar radiation, and 

relative humidity) is simulated at the HRU scale. Water, sediment, and chemical 

movement in SWAT involve two phases: first, the watershed land areas control water 

transported to the channels together with sediment, nutrients and pesticides in each sub-

watershed. Then, the movement of water and other mass through the stream network to 

the watershed outlet. It is used to predict the impact of land management practices on 

water, sediment, channel and reservoir routing and agricultural chemical yields in large 

complex watersheds with varying soils, land-use and management conditions over long 

periods of time. A more detailed description of the SWAT model can be available from 

online documentation (https://swat.tamu.edu/docs/). The SWAT model simulates the 

https://swat.tamu.edu/docs/
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various hydrological processes occurring in the river basin based on water balance 

within the basin as given by Equation 3.3. 

SWt = SW0 + ∑(Rday

t

i=1

− Qsurf − Ea − Wseep − Qgw) (3.3) 

Where  

SWt is the final soil water content (mm),  

SW0 is the initial soil water content (mm),  

t is the time in days,  

Rday is the amount of precipitation on day i (mm),  

Qsurf is the amount of surface runoff on day i (mm),  

Ea is the amount of evapotranspiration on day i (mm),  

Wseep is the amount of water entering the vadose zone from soil profile on day i 

(mm),  

Qgw is the amount of return flow on day i (mm). 

All the processes in SWAT are simulated at HRU level and aggregated for each sub-

basin, which are then routed through the river system using the variable storage or 

Muskingum method. SWAT facilitates an assortment of parameters defined at HRU, 

sub-basin or basin level. SWAT uses the climate data from the station nearest to the 

centroid of each sub-basin. For a given precipitation, snowfall occurs when the 

temperature is below threshold level. Rain first falls on the plants where canopy storage 

and evaporation take place. Surface runoff, depending upon local land use, soil type, 

and antecedent moisture condition, is estimated by SCS curve method and peak runoff 

estimations are based on modified Rational formula. Watershed concentration time is 

estimated using Manning’s formula, considering both overland and channel flow. Four 

water storage compartments in SWAT are snow, soil profile (0-2m), shallow aquifer 

(2-20m), and deep aquifer. 

In SWAT, the surface runoff from rainfall can be estimated using a modified soil 

conservation service (SCS) curve number (CN) method (USDA, 1972) or the Green 

and Ampt infiltration method (Green and Ampt, 1912). In this study The SCS CN 



57 

 

method was employed. It is computationally efficient and the most popular method, 

which predicts runoff with a given rainfall event mainly based on land use, soil 

properties and antecedent moisture conditions. The surface runoff component of the 

water balance is determined from the SCS CN method computes runoff using Equation 

3.4 as; 

Qsurf =
(Rday−Ia )

(Rday−Ia+S)
        (3.4)  

Where, Ia = 0.2S and   𝑆 = 25.4(
1000

𝐶𝑁
− 10) and hence the amount of surface runoff is 

equated as: 

Qsurf =
(Rday−0.2S)

Rday+0.8S
       (3.5) 

Where: Ia is the initial abstraction (mm), S is relation parameter, drainable volume of 

soil water per unit area of saturated thickness (mm/day) and CN is curve number. 

SWAT uses the climate data from the station nearest to the centroid of each sub-basin. 

A given precipitation is classified as solid (snow) and liquid (rainfall) based on a user-

defined threshold value of mean air temperature. Snow melts when the maximum 

temperature on a given day exceeds the user defined threshold level. In snow covered 

areas, a fraction of the estimated daily potential evapotranspiration is by sublimation. 

The following mass balance at the HRU scale allows SWAT to keep track of the 

snowpack as Equation 3.6. 

SNOi+1 = SNOi + Ps − Esub − SNOmlt      (3.6)  

Where;  

SNOi and SNOi+1 are respectively the water content (mm) on a day i and i+1;  

Ps is the solid precipitation (mm) on day i;  

Esub is the evaporation lost by sublimation and  

SNOmlt is daily snowmelt amount (mm). 

A temperature index (degree day factor) is used to obtain snowmelt amount (Neitsch et 

al., 2011) as given by Equation 3.7. 

SNOmlt = bmlt. SNOcov [ 
Tsno+Tmax

2
− Tmlt]     (3.7) 
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Where 

 bmlt is the daily melt factor (mm day-1 °C-1),  

SNOcov is the fraction of HRU area covered by snow,  

Tsno is the daily snowpack temperature (°C),  

Tmax is the daily maximum air temperature (°C) and  

Tmlt is the base temperature above which snowmelt is allowed (°C).  

SWAT uses different modules to calculate evaporation from soils and plants. The 

available models for estimating potential evapotranspiration (PET) are Penman-

Monteith, Priestley-Taylor, and Hargreaves. Details of the SWAT model can be found 

in  (Arnold et al., 1998; Neitsch et al., 2011; Van Liew et al., 2005). Potential soil water 

evaporation is estimated as a function of potential ET and leaf area index (LAI). Soil 

evaporation is estimated using an exponential relation of soil-depth and water-content. 

Transpiration is calculated using a linear function of PET, LAI, root-depth and soil-

water content.  

When the temperature exceeds a threshold value, snow melt occurs. Infiltration, 

evapotranspiration, subsurface flow and percolation occurs in multiple soil layers. 

Groundwater flow is simulated by routing the shallow aquifer storage to the stream. 

Percolation from the shallow aquifer is considered as lost from the system. The 

schematic representation of the different hydrological processes in SWAT is described 

by Figure 3.5. 

 

Figure 3.5: Schematic representation of the hydrologic cycle in SWAT (Neitsch et al., 2011) 
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To compute the potential evapotranspiration (PET), Hargreaves method was applied 

because it requires limited climatic data (Hargreaves and Samani, 1982) 

λEo = 0.0023.Ho.(Tmax -Tmin)
0.5.(Tavg + 17.8)     (3.8) 

Where, λ is the latent heat of vaporization (MJ/kg), Eo is the potential 

evapotranspiration (mm/d), Ho is the extra-terrestrial radiation (MJ/d.m2). Tmax, Tmin 

and Tavg are the maximum, minimum and average air temperature per day (oC) 

respectively. 

3.5 SWAT model evaluation criteria 

3.5.1 Calibration and validation 

Model calibration and validation are important and crucial steps for any model 

simulation. Calibration is an iterative process for assigning the values of the input 

parameters by comparing the simulated and observed output data series. Validation is 

the process in which the calibrated model is simulated for an entirely different time 

duration to assess its performance under different hydro-climatic conditions.   

In this study, for calibration and validation of the model, manual calibration method is 

followed. In manual calibration, the SWAT interface provides three methods for 

varying the parameters. The first option allows to replace the value directly. The second 

method allows adding values to the initial values. And the third method allows 

multiplying the initial value with the drawn parameter value. Calibration and Validation 

was performed for daily flows. One station was chosen for the calibration while three 

additional gauging sites were chosen for validation purposes.  

The BRB was divided into 16 sub-basins and five slope classes (0–30, 30–50, 50–70, 

70–90 and >90 percent). A threshold value of 10% each for land use and land cover, 

soil (Figure 3.3a-b) and slopes were used to divide the subbasin into unique 344 HRUs. 

Further, to account for orographic effects, we generated 500 m range elevation band in 

each sub basin. The methodological framework for model setup and simulation is given 

in Figure 3.6. 
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Figure 3.6: SWAT hydrological model setup diagram. 

There are a large number of missing flow data of years 2013 and 2014 at Arughat 

station. Therefore, 30 years of observed flow data of Arughat station from 1981-2012 

were used in the study. The SWAT model was calibrated and validated manually at 

Arughat station for the simulation period of 30 years. A warm up period of 2 years 

(1981-1982) to stabilize the model initially, calibration period (1983-2002) and 

validation period (2003-2012) was used during the calibration and validation. The 

model was calibrated using 20 years (two-thirds) of the study period (1983–2002) and 

validated using the remaining one-third i.e., 10 years (2003–2012). Based on the 

modeling experience in Nepalese basins and judgement of the researcher, manual 

method was used for calibrating the model. The 15 most sensitive parameters were 

selected for calibration based on the sensitivity analysis. Parameters identified from the 

sensitivity analysis were varied in sequence of their relative sensitivity within their 

recommended ranges till the desired threshold of objective function was achieved. The 

hydrological station used for calibration and validation is shown in Table 3.5. 
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Table 3.5: Hydrological stations used for SWAT simulation 

SN Station Name 

Year of  

Record 

Calibration  

Period 

Validation  

Period 

Subbasin 

 ID 

Remarks 

1 Arughat 1964-2015 1983-2002 2003-2012 12 DHM 

2 Tatopani 2009-2010  2009 10 BG Ka 

3 Machha Khola 2009-2010  2009 9 BG Kha 

4 Kalleri 2013-2014  2013-2014 15 BGHP 

 

3.5.2 Performance evaluation criteria 

Moriasi et al. (2007) has discussed various graphical and statistical model evaluation 

techniques. Among them, three well-established statistical indicators: Nash–Sutcliffe 

efficiency (NSE), percent bias (PBIAS), and ratio of the root mean square error to the 

standard deviation of measured data (RSR) were used for model evaluation (Moriasi et 

al., 2015, 2012, 2007). In addition to these three, Kling Gupta efficiency (KGE) 

prescribed by (Gupta et al., 2009; Knoben et al., 2019; Pool et al., 2018) has also been 

used for the purpose of evaluation of the model.  

Nash–Sutcliffe efficiency (NSE) is a normalized statistic that determines the relative 

magnitude of the residual variance (“noise”) compared to the measured data variance 

(“information”). NSE indicates how well the plot of observed versus simulated data fits 

the 1:1 line (Nash and Sutcliffe, 1970) NSE is computed using Equation 3.9. 

NSE = 1 − [
∑ (Q0i − Qei)

212
i=1

∑ (Q0i − Qo
̅̅̅̅ )212

i=1

] (3.9) 

where, 𝑄0𝑖 and 𝑄𝑒𝑖 are respectively observed and estimated discharge of day i, 𝑄0
̅̅ ̅ is 

the mean of the observed discharges. The optimum value is 1.0, with higher value 

indicating better model performance. 

Percent bias (PBIAS) measures the average tendency of the simulated data to be larger 

or smaller than their observed counterparts. The optimal value of PBIAS is 0.0, with 

low-magnitude values indicating accurate model simulation. Positive values indicate 

model underestimation bias, and negative values indicate model overestimation bias 
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(Moriasi et al., 2007). PBIAS is, generally, expressed in percentage and is calculated 

using Equation 3.10. 

                 PBIAS =  
∑ Vo

n
i=1 − ∑ Ve

n
i=1

∑ Vo
n
i=1

%         (3.10) 

Where Vo and Ve are respectively the observed and simulated volumes of water for day i.  

The root mean square error (RMSE) and the standard deviation of observed flow (σo) 

can be expressed as a ratio (RSR). It is commonly accepted that the lower the RMSE 

the better the model performance. RSR varies from the optimal value of 0, which 

indicates zero residual variation and therefore perfect model simulation, to a large 

positive value that indicates poorer model performance (Moriasi et al., 2007). RSR is 

calculated using Equation 3.11. 

RSR =  
RMSE

σo
=

√∑(Qoi − Qei)2

√∑(Qoi − Ǭo)2
      (3.11) 

The Kling–Gupta efficiency (KGE) that incorporates correlation, variability bias and 

mean bias (Gupta et al., 2009) is increasingly used for model calibration and evaluation. 

It is expressed using Equation 3.12. 

KGE = 1 − √(r − 1)2 + (
σe

σo
− 1)

2

+ (
Qe
̅̅̅̅  

Qo
̅̅̅̅  

− 1)

2

      (3.12)) 

where, r is the correlation coefficient between the observed and simulated flows, σo 

and σe are standard deviations of observed and simulated flows respectively. 

Table 3.6: General performance ratings statistics  

Performance  

Rating 

NSE RSR PBIAS 

KGE 

Very Good 0.75 < NSE < 1.0 0 < RSR < 0.50 PBIAS ≤ ±10                    0.50 < KGE < 1.0 

Good 0.65 < NSE < 0.75 0.50 < RSR < 0.60 ±10 ≤ PBIAS ≤ ± 15    0 < KGE< 0.50 

Satisfactory 0.50 < NSE < 0.65 0.60 < RSR < 0.70 ±15 ≤ PBIAS ≤ ± 25    Positive 

Unsatisfactory NSE < 0.50 RSR > 0.70 PBIAS ≥ ± 25                    KGE < 0 

(Gupta et al., 2009; Knoben et al., 2019; Moriasi et al., 2007) 
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3.6 Climate model selection 

Climate models are the mathematical representation of the climate. The values of the 

predicted variables, such as precipitation, temperature, wind, humidity and atmospheric 

pressure are calculated by dividing the earth, ocean and atmosphere into grid points 

over the time. This study used the advanced envelope-based climate selection method 

to assess the projected future climates as described in Lutz et al. (2016). It is based on 

two general criteria for the selection of GCMs: (a) GCMs should be common to a pool 

of models with changes in temperature and precipitation, and (b) they must be available 

on a continuous daily scale. Based on these two conditions, 105 models for RCP 4.5 

and 78 models for RCP 8.5 scenario were included in the initial pool of models. 

Climatic data (mean temperature -tas and precipitation - pr) were obtained from GCMs 

through KNMI climate explorer interface1  for RCP4.5 and RCP 8.5 scenarios for the 

study area. The applied method uses three steps connecting future projection with past 

performance (1981-2005) as shown in Figure 3.7. 

Step 1: In the first step, projected changes in future climate from the baseline period 

are computed for each GCM listed in the pool of models considering warm-dry, warm-

wet, cold-wet and cold-dry corners to form an envelope. The 10th and 90th percentile 

values for change in mean temperature (∆T) and percentage change in annual 

precipitation (∆P) for each scenario were determined. These values represent the four 

corners of the spectrum of the projections for temperature and precipitation change. The 

tenth percentile value of ∆T and tenth percentile value for ∆P are in the ‘cold-dry’ 

corner of the spectrum. Likewise, the tenth percentile value of ∆T and 90th percentile 

value for ∆P are in the ‘cold-wet’ corner, while 90th percentile value of ∆T and 90th 

percentile value of ∆P are in the ‘warm-wet’ corner. Similarly, 90th percentile value of 

∆T and tenth percentile value of ∆P fall in the ‘warm-dry’ corner of the spectrum. The 

proximity of the model runs to the 10th and 90th percentile values is derived using the 

distance metrics recommended by (Lutz et al., 2016). The 10th and 90th percentile values 

of the projected changes led to the choice of four combinations (dry-cold, dry-warm, 

wet-cold, and wet-warm) for each Representative Concentration Pathways (RCPs). The 

model nearest to the percentile values was considered for downscaling. A total of 20 

models (5 models in each four corners) were selected in this step.  

                                                           
1 https://climexp.knmi.nl/start.cgi 

https://climexp.knmi.nl/start.cgi
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Figure 3.7: Climate model selection [Modified from (Lutz et al., 2016)] 

Step 2: Two GCMs in each corner were selected in the intermediate step based on the 

projection of changes in climate extremes using four of Expert Team on Climate 

Change Detection and Indices (ETCCDI) as mentioned by (Lutz et al., 2016).They are 

R95P [Precipitation due to extremely wet days (>95th percentile)], CDD [Consecutive 

dry days: maximum length of dry spell (P < 1 mm)], WSDI [Warm spell duration index: 

count of days in a span of at least 6 days where TX > 90th percentile (TXij is the daily 

Tmax on day i in period j)] and CSDI [Cold spell duration index: count of days in a span 

of at least 6 days where TN < 10th percentile (TNij is the daily Tmin on day i in period 

j)]. 

Step 3: In the final step, the ability of the selected GCMs to hindcast the past 

observation is evaluated between the selected two models in Step 2 of each of the four 

corners. In this step, Taylor method (Taylor, 2001) was used to evaluate the GCMs on 

the basis of three statistics: correlation coefficient, root mean squared error (RMS) and 

the standard deviation. The most reasonable GCM for each corner was selected from 
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the average of the highest Taylor score of the precipitation and temperature. In this way 

four models, one in each corner with the maximum score were considered for each 

RCP.  

3.7 Bias correction method  

When GCM model simulation of past climate is compared with observed climate, there 

is discrepancy. GCM model show bias in simulating past observed climate. This bias 

needs to be corrected or considered when the model is applied for any hydrological 

studies at regional or local level. Different methods for bias correction for climate 

variables like precipitation and temperature are discussed in different literatures that 

ranges from simple correction in the annual or monthly mean values to complex 

distribution fitting that corrects entire distribution.  

Hawkins used delta approach/change factor approach, Lenderink used linear scaling 

approach for estimating future discharges of Rhine river (Hawkins et al., 2013; 

Lenderink et al., 2007). In this approach, the authors scaled the precipitation in control 

run by ratio of long-term averages of observations to long-term average of control run 

for each of 36; 10-day average precipitation. In case of local intensity scaling (LOCI) 

applied by (Schmidli et al., 2006), the precipitation is downscaled by using ratio of wet-

day intensities between observations and the GCM with the adjusted wet-day threshold 

for GCM precipitation. Another tool for bias correction is power transformation method 

for precipitation discussed in various studies as, (Leander and Buishand, 2007; Terink 

et al., 2021) corrects mean and variance of the precipitation distribution. Besides, the 

approach that not only corrects the mean and variance but also the whole distribution, 

called as Distribution mapping or quantile mapping (Maraun, 2016; Piani et al., 2010b; 

Teutschbein and Seibert, 2013) is also widely used.  In this study, distribution mapping 

was used for the bias correction. 

3.7.1 Bias correction approach for precipitation 

This study used the distribution mapping approach in which the mean, variance and the 

whole distribution is considered.  Quantile mapping (QM) method was used to bias-

correct the projected climate data at the climatic stations (Gudmundsson et al., 2012; 

Teutschbein and Seibert, 2013). QM corrects quantiles of GCM data to match those of 

observed data by creating suitable transfer functions explained in Equation 3.13. 



66 

 

𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡
𝑐𝑜𝑟𝑟 =  𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑒𝑐𝑑𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑜𝑏𝑠 (𝑒𝑐𝑑𝑓𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝐺𝐶𝑀 (𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡

𝐺𝐶𝑀 )) (3.13) 

Where  

𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡
𝑐𝑜𝑟𝑟  is the corrected estimate of 𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡

𝐺𝐶𝑀  . 

ecdf is empirical cumulative distribution function for reference time period, 

 𝑋𝑓𝑢𝑡𝑢𝑟𝑒,𝑡 
𝐺𝐶𝑀 is the raw GCM (projected value) in future at time t, 

 𝑒𝑐𝑑𝑓𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝐺𝐶𝑀  is empirical cumulative distribution function of GCM for baseline 

period, and 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑒𝑐𝑑𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑜𝑏𝑠   is the inverse empirical cumulative distribution 

function of observation for baseline period. 

 

We used the frequency adaptation method as described in (Themeßl et al., 2012) for the 

correction of extra dry days. This method was applied only in case of the frequency of 

dry days being higher in the baseline period in GCM data compared to the observed 

data. 

3.7.2 Bias correction approach for temperature 

In case of temperature, bias correction methodology correcting the mean and variance 

of temperature variable method described by Hawkins et al. (2013) is adopted in this 

study. This approach assumes that relationship between GCM temperature and 

observed temperature in reference period also remain same between future GCM 

projection and future observation. If 𝑇̅ref and 𝑂̅ref be area averaged GCM and observed 

temperature for reference period with means 𝑀𝑟𝑒𝑓
𝑇 and and 𝑀𝑟𝑒𝑓

𝑂  respectively and 

standard deviation 𝜎𝑟𝑒𝑓
𝑇  and 𝜎𝑟𝑒𝑓

𝑂  respectively and also, if  𝑇̅proj is the GCM projected 

temperature in future, then corrected estimate of future observation 𝑂̅𝑝𝑟𝑜𝑗 

corresponding to 𝑇̅proj is given by Equation 3.14. 

𝑂̅𝑝𝑟𝑜𝑗 =  𝑀𝑟𝑒𝑓
𝑂 +  

𝜎𝑟𝑒𝑓
𝑂

𝜎𝑟𝑒𝑓
𝑇  × ( 𝑇̅𝑝𝑟𝑜𝑗 −  𝑇̅𝑟𝑒𝑓)                                                  (3.14)  

Where 

𝑂̅𝑝𝑟𝑜𝑗 is bias corrected temperature for future. In the study, we applied month-wise 

bias correction such that 𝑀𝑟𝑒𝑓
𝑇  and 𝑀𝑟𝑒𝑓

𝑂 represent means; and 𝜎𝑟𝑒𝑓
𝑇  and 𝜎𝑟𝑒𝑓

𝑂  represent 

standard deviations of daily values for month under consideration in reference time. 

The bias-corrected GCM data for each meteorological station was averaged to create a 

multi-model ensemble for each scenario. The projected future impacts of CC were 
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analysed based on the individual climatic scenarios and their ensembles using SWAT 

hydrological model.  

3.8 Climatology under climate change 

Percentage change in annual average precipitation and temperature under CC were 

compared with the baseline data for both emission scenarios (RCPs 4.5 and 8.5).  

3.8.1 Climate change impact analysis of future flows 

SWAT model developed and discussed in (Marahatta et al., 2021a) was applied to 

simulate the future flows by enforcing the projected GCMs CC data. Projected flows 

were divided into three 30-year time windows: Immediate Future (2021-2050), Mid 

Future (2046-2075) and Far Future (2070-2099). Projected flows were compared with 

corresponding monthly, seasonal, annual and fractional differences of extreme flows 

(Q90 and Q10) of simulated baseline flows (1983-2012). Such comparison was made for 

all four scenario results, three future time windows and for both RCPs. 

3.8.2 Frequency analysis  

Annual one-day-maximum and -minimum flow series were extracted for each time 

window of all four scenarios for both RCPs along with baseline simulated flow. Gumbel 

distribution (Gumbel, 1941) was fitted to these time series in order to find the 

magnitude of high and low flows for selected return periods. Other flood related studies 

have applied hydro-economic (Devkota and Maraseni, 2018) and techno-social 

(Devkota and Bhattarai, 2018) perspective assessment methods. 

3.8.3 Reservoir operating rule 

For the change in revenue generation due to CC with respect to the baseline, this study 

used Budhigandaki Storage Hydroelectric Project as a case. For the planning purpose 

of the reservoir studies, generally applications of optimization techniques have been 

applied. Discussions in the American Society of Civil Engineers (ASCE) warn that gaps 

may exist between theory and practice, particularly in the area of real time reservoir 

operation  (Ahmad et al., 2014; Miquel and Roche, 1986; William, 1985). The operating 

rules were derived such that dry season energy is maximized. Further, the inflow during 

the wet months first fills up the reservoir to a design level and extra water is used for 

energy generation (Devkota et al., 2022). Water collected in the reservoir during wet 

season is used up as per the operating rule in the dry months (December-May). At the 
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end of the dry season, the water level in the reservoir is maintained at the minimum 

operating level so that it can be filled by the next monsoon. The following were 

estimated using the derived operating rule at monthly time resolution:  

i) Mean discharge (QT) available for the turbine,  

ii) Net head (H), 

iii) Power generated (P) using the average discharge and net head,  

iv) Discharge (Qmax) available for use by the turbine after all the required 

conditions are fulfilled,  

v) Maximum probable power and energy generation (Pmax and Emax) for the 

baseline 

3.9 Energy economics  

Reservoir operating rules were derived as discussed in Section 3.8.3 based on the 

assumptions in (Devkota et al., 2022) such that dry season energy is maximized. These 

rules were applied for historical flow time-series of the baseline period. Additionally, 

applying the same operating rules, energy generation under RCPs 4.5 and 8.5 until the 

end of this century were also calculated. The physical properties of the reservoir are 

assumed to remain unaltered. Projected monthly, seasonal and annual energy 

generation was compared with the baseline values. The revenues from the generated 

energy for the baseline and considered climate scenarios were estimated using the 

power purchasing agreement (PPA) rates of the Nepal Electricity Authority (NEA 

2017). The following governing equations have been used for calculating power, energy 

and revenue as discussed above:  
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Figure 3.8: Methodological framework for energy economics study 

Power generation of a hydroelectricity plant is calculated using Equation 3.15 

(Devkota et al., 2022). 

𝑃𝑖,𝑗 = 𝜂. 𝛾. 𝑄𝑇𝑖,𝑗. 𝐻𝑖,𝑗/1000  (3.15) 

Where 

P = Generated power (MW) 

𝜂 = Overall efficiency of the plant (0.93) (considered a constant) 

𝛾 = Unit weight of water (9.8 kN/m3) (considered a constant) 

QT = Flow passing through the turbine (m3/s) and 

H = Available net head (m) 

i = index for the month 

j = index for the year 

Energy generation is estimated as the product of the power and the number of days of 

operation in a given month in compatible units Equation 3.16.  

𝐸𝑖,𝑗 = 𝑃𝑖,𝑗 . 𝑛𝑖,𝑗. (
24

1000
)  (3.16) 

Where 

E = Energy generation (GWh) 

n = Number of days  
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Change in energy generation is estimated by Equation 3.17. 

∆𝐸𝑖,𝑗 =
𝐸𝑖,𝑗,𝐶𝐶−𝐸𝑖,𝑏𝑎𝑠𝑒

𝐸𝑖,𝑏𝑎𝑠𝑒
. 100 (3.17) 

Where 

∆𝐸𝑖,𝑗 = Change in the total energy generated expressed as percentage

𝐸𝑖,𝑗,𝐶𝐶= Total energy generated in the ith month of the jth year of the CC scenario

𝐸𝑖,𝑏𝑎𝑠𝑒= Total energy generated in the ith month of the base case

The PPA rates vary with season. It is assumed that these rates do not change during the 

period of analysis. Adopted exchange rate is: 1 USD = 119 NRs (NRB, 2021). The 

revenues are calculated using the following equations: 

𝑅𝑖,𝑗 = 𝐸𝑖,𝑗 . 𝑃𝑃𝐴𝑖  (3.18) 

𝐷𝑅𝑗 = ∑ 𝑅𝑖,𝑗
𝑀𝑎𝑦
𝑖=𝐷𝑒𝑐   (3.19) 

𝑊𝑅𝑗 = ∑ 𝑅𝑖,𝑗
𝑁𝑜𝑣
𝑖=𝐽𝑢𝑛   (3.20) 

𝐴𝑅𝑗 = ∑ 𝑅𝑖,𝑗
𝐷𝑒𝑐
𝑖=𝐽𝑎𝑛   (3.21) 

Where 

𝑅𝑖,𝑗= Revenue generated (USD) 

𝐷𝑅𝑗 = Total dry season revenue 

𝑊𝑅𝑗 = Total wet season revenue 

𝐴𝑅𝑗  = Total annual revenue 

Change in revenue is estimated using the Equations 3.22 to 3.25. 

∆𝑅𝑖,𝑗 =
𝑅𝑖,𝑗,𝐶𝐶−𝑅𝑖,𝑏𝑎𝑠𝑒

𝑅𝑖,𝑏𝑎𝑠𝑒
. 100 (3.22) 

∆𝐷𝑅𝑗 =
𝐷𝑅𝑗,𝐶𝐶−𝐷𝑅𝑗,𝑏𝑎𝑠𝑒

𝐷𝑅𝑗,𝑏𝑎𝑠𝑒
. 100 (3.23) 

∆𝑊𝑅𝑗 =
𝑊𝑅𝑗,𝐶𝐶−𝑊𝑅𝑗,𝑏𝑎𝑠𝑒

𝑊𝑅𝑗,𝑏𝑎𝑠𝑒
. 100   (3.24) 
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∆𝐴𝑅𝑗 =
𝐴𝑅𝑗,𝐶𝐶−𝐴𝑅𝑗,𝑏𝑎𝑠𝑒

𝐴𝑅𝑗,𝑏𝑎𝑠𝑒
. 100       (3.25) 

Where 

𝑅𝑖,𝑏𝑎𝑠𝑒= Baseline period monthly revenue generation 

𝑅𝑖,𝑗,𝐶𝐶= CC scenario monthly revenue generation 

∆𝑅𝑖,𝑗 = Difference in the total revenue  

∆𝐷𝑅𝑗 = Difference in dry-season revenue  

∆𝑊𝑅𝑗 = Difference in wet-season revenue  

∆𝐴𝑅𝑗 = Difference in annual revenue  

The annual profit/loss is calculated as the change between the revenue generation 

corresponding to the energy generation and the operation and maintenance (O&M) cost 

annually. Mathematically,  

𝜋𝑗 = 𝐴𝑅𝑗 − 𝐶𝑂&𝑀,𝑗        (3.26) 

Where 

𝜋𝑗 = Annual profit/loss for the jth year  

𝐶𝑂&𝑀,𝑗= Annual operation and maintenance cost  

The change in annual profit is estimated by Equation 3.27. 

∆𝜋𝑗 = (𝐴𝑅𝑗,𝐶𝐶 − 𝐶𝑂&𝑀,𝑗,𝐶𝐶) − (𝐴𝑅𝑗,𝑏𝑎𝑠𝑒 − 𝐶𝑂&𝑀,𝑗,𝑏𝑎𝑠𝑒)  (3.27) 

For convenience, it is assumed that the annual O&M cost is unchanged during the 

baseline and CC scenarios (i.e., 𝐶𝑂&𝑀,𝑗,𝑏𝑎𝑠𝑒 = 𝐶𝑂&𝑀,𝑗,𝐶𝐶).  

Adhering to the above assumptions, change in future revenue generation compared to 

the baseline case is computed using Equation 3.28. 

∆𝜋𝑗 = 𝐴𝑅𝑗,𝐶𝐶 − 𝐴𝑅𝑗,𝑏𝑎𝑠𝑒      (3.28) 



72 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Background 

This chapter presents a detail evaluation of energy economics of the Budhigandaki 

river; as a continuum of climate change-river flow-hydroelectricity generation-energy 

economics. The results are presented in six separate sections. Starting from the analysis 

of the precipitation, temperature and flow in the first section, impact of the flow 

variations in resources loss and power production in the second section. This study 

utilizes SWAT to assess the impact of CC in river hydrology of the study basin, section 

three is devoted to evaluate its simulated results.  In the next section, i.e., in section 

four, why hydrological simulation technique, using SWAT model, is the best flow 

estimation tool in ungauged basin is revealed. The fifth section describes hydro-climate 

of BRB due to different projected CC scenarios and the consequent impact in river 

hydrology.  The final section highlights the result of the changes in hydroelectric energy 

production because of such change in flow and subsequent revenue change compared 

to the baseline values of Budhigandaki Hydroelectric Project (BGHP).  

4.2 Historical perspective of hydrology and climatology of the study basin 

The climatic data is the most important parameter in any hydrological study. The 

climatic characteristics and their different parameters are all important factors in the 

various analyses performed in the present study. In this study altogether 9 climatic 

stations have been used. In addition, gridded data of two stations lies in Tibet of Peoples 

Republic of China have also been used. 

4.2.1 Precipitation 

The BRB receives nearly 1530 mm of annual precipitation with 74% of rainfall in 

monsoon (June-September) season (Figure 4.1). However, the high-altitude stations 

received 50-60% of the annual precipitation in monsoon season. The BRB receives 

highest rainfall in July (23%) and November is the dry month receives less than 1% of 

total annual precipitation, during the winter (December-February) season, the 

precipitation is about 4%. Windward side of the mountain barrier receives major portion 

of rainfall while the leeward side remains dry. The stations located at Jagat, Arughat, 



73 

 

Gorkha and Dhading shows the decreasing trends in precipitation and maximum 24 

hours rainfall is in increasing trend however it is not statistically significant. Moreover, 

the increase in precipitation in pre monsoon months will have positive impact on the 

water availability of the rivers. 

 

Figure 4.1: Annual and seasonal rainfall pattern of BRB 

4.2.2 Temperature 

May is the hottest month with mean temperature up to 24°C and maximum temperature 

up to 38°C in the dam site area of BGHP. Temperature is below 0°C in the high-altitude 

area. January is the coldest month with mean temperature ranging from 12°C to 15°C 
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and minimum temperature 6°C to 9°C in the dam site. Figure 4.2 depicts the variation 

in annual average value of the maximum temperature and the minimum temperature 

over the years.  An increasing trend in both maximum and minimum temperature was 

found in BRB; the maximum temperature is projected to increase at a greater rate 

(0.08ºC/year, p>0.05) than the minimum temperature (0.04ºC/year, p>0.05).  

 

Figure 4.2: Annual maximum, minimum mean and monthly mean temperature of 

BRB 

4.2.3 Flow analysis 

i) General characteristics of flow 

The stream flow data analyzed for Budhigandaki river at Arughat from 1964 to 2015 is 

shown in Figure 4.3. From the analysis it is found that the long-term annual average 
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and the standard deviation of the flow of this river at Arughat are respectively 160 and 

18 m3/s. It can be seen from Figure 4.3 that the flow in Budhigandaki river start to 

increase from March to August and then decreases gradually, with the minimum flow 

occurring in February (30 m3/s) and maximum in August (437 m3/s). It shows that the 

monthly variation in flow is as high as 15. The range of flow of each month is also 

presented in the figure. Maximum variation in flow (maximum flow: minimum flow) 

was found in the month of March (3.8) and minimum in August (1.8). The flow 

variation is lower for annual average, with minimum value of 120 m3/s occurred in 

2009 while the maximum value is 210 m3/s in 2010. It is because of the smoothing 

phenomena.  Contrary to it, the daily variation in flow is quite high, minimum 18 and 

maximum 1457 m3/s. 

 

Figure 4.3: Flow statistics of Budhigandaki river at Arughat 

The river flow in Nepal is high during the monsoon (June-September) because of the 

active south-west monsoon. The flow starts decreasing in the post monsoon (October 

and November) season but still remains quite high. The winter season (December-

February) witnesses decreased river flows. In the pre-monsoon season (March-May), 

snowmelt starts due to the rise in temperature which leads to gradual increase in the 

river flow. The share of monsoon and post monsoon is cumulatively 84% of the total 

annual flow while the dry season flow contributes only 16%. The instantaneous 
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minimum flow which was observed in March 16, 1967 is 17 m3/s and the maximum 

flow occurred in July 3, 1999 is 2060 m3/s. It shows that the mean instantaneous flow 

fluctuations occurring in between 1964 to 2015 is more than 30 times. 

ii) Flow duration curve 

Design flow is required while designing any hydraulic structures which may be to 

dispose the water from the system or use of water for an intended purpose. For example, 

design flow in RoR hydroelectric plant is generally taken as Q40 of the annual flow, i.e. 

it is the threshold flow that equals or exceeds 40% of the days in a year (DOED, 2018b). 

Such design flow is estimated using flow duration curve (FDC) prepared by using 

historical daily flow data. It is given in Figure 4.4 for Arughat station. The FDC for 

Arughat (Figure 4.4) shows that the Q10, Q40, Q50, Q60 and Q90 are respectively, 413, 

125, 84, 59, and 30 m3/s.  

  

Figure 4.4: Flow duration curve of Budhigandaki river at Arughat 

4.3 Impact of flow variation and power production 

4.3.1 Impact of flow variation  

Impact of flow variation in loss in water resources and power production was evaluated 

in this study considering RoR project utilizing the flow available at Arughat using the 

data of 1964-2015. Although the power production is a function of quantity of flow and 
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net head, only considering quantity of flow is enough for RoR project, as net head 

almost constant in both wet and dry seasons. Here, dry season refers to six months of 

the year (December to May) as considered as in (BGHP, 2015). The monsoon and post-

monsoon months are in the contrary taken as wet months when the flow in the river is 

ample for power production as presented in the preceding section.  

Table 4.1: Implication of flow variation for run of the river power plant 

Case/Flow Condition Loss/Gain Amount 

in Flow (dQ) 

Power Loss or 

Gain with 

respect to Design 

Value 

Remarks 

Spill: Resource 

Loss 

Case 1: Q1-1 Q > QLTMA  &  

Q > Qdesign 

0 No Water Spill 

(Q - Qdesign)   

Case 1: Q1-2 Q < QLTMA  &  

Q > Qdesign 

0 No Water Spill 

(Q - Qdesign)   

Case 1: Q1-3 Q < QLTMA  &  

Q < Qdesign 

Q - Qdesign Loss (-) No Spill 

Case 2: Q2-1 Q > QLTMA  &  

Q > Qdesign 

Qdesign - QLTMA Gain (+) Water Spill 

(Q - Qdesign)   

Case 2: Q2-2 Q > QLTMA  &  

Q < Qdesign 

Q - QLTMA Gain (+) No Spill 

Case 2: 2-3 Q < QLTMA  &  

Q < Qdesign  

Q - QLTMA Loss (-) No Spill 

The flow in a river at a particular day can be divided into 6 types with respect to long 

term mean monthly (QLTMA) and design flows (Qdesign) as given in Table 4.1. These 

flows are clustered into two cases. Case 1 can be taken as a flow in wet season in which 

QLTMA is, generally, higher than the design discharge. Case 2 resembles dry season flow 

in which season QLTMA is generally lower than Qdesign.  The flow at a particular day can 

be higher or lower than both Qdesign and QLTMA or in between them. Such deviation of 
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flow ( dQ)) from QLTMA can be advantageous, disadvantageous or neutral for the 

project as shown in Table 4.1.   

As shown in Figure 4.3 the monthly discharge varies year to year significantly from the 

long-term average value of a considered month, say April (from 27 in 2014 to 97 m3/s 

in 1982). Variation daily discharge is even higher as discussed in the previous section. 

Spill occurs if the daily discharge exceeds the design discharge. However, when the 

discharge is less than the design value, less electricity is generated. Three design 

discharges (Q90, Q60 and Q40) have been adopted for the analysis.  

Figure 4.5: Loss/gain in flow for different probabilities of flow variation by season 

Figure 4.5 depicts the range of loss/gain in flow for the different cases discussed above. 

It is noted here that Q90-dry refers to design discharge of Q90 season considered is dry 

and so on. It gives altogether 6 cases as shown in the figure. The long-term average 

values of loss in flow are -0.72, -1.76 and -1.54 m3/s for the dry season and 0.0, -0.27 

and -2.26 m3/s for wet season respectively for design discharges of Q90, Q60 and Q40. 

These results show that in an average there is a loss of resources in RoR project because 

of flow variation in the river. However, the gain in resources in some years and loss in 

others years are there too. For example, maximum gain and loss occur for design 

discharge of Q40 i.e., 16 m3/s gain in a year and 19 m3/s loss in another year can be seen 

in Figure 4.5. The lower value of average loss for Q90 flow is because of smaller design 
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flow, which is daily flows are less likely to be less than this design flow. Even in this 

case some of the dry season flows are lower than this value whereas there is no loss in 

water resources in wet season because of all daily discharge values exceeding the design 

discharge. In other cases, the daily discharges may or may not be equal to long term 

mean values or the design discharge values. The negative impact of flow variation 

indicates less water available for electricity generation in all the scenarios except for 

Q90 of the wet season. Therefore, in order to assess the full extent of uncertainty in 

electricity generation, energy calculation needs to be based on daily flows.  

Out of 51 years, the number of years in which the flow is less than the anticipated values 

(QLTMA for dry season and Qdesign for wet season) are shown in Figure 4.6. From the figure 

we can see that the number of years in which the flow is less than 50% in all cases 

except the Q90-wet season. The numbers of years in which wet season loses in the flow 

are 32 and 36 for Q60 and Q40 respectively. While, for the dry case, these values are 

respectively 35 and 28. 

Figure 4.6: Number of loss years in different scenarios 

4.3.2 Impact of flow variation on power production 

The power generation depends on the daily flow for the dry season which is usually 

less than the design discharge. However, in the case of wet season, the power generation 

is governed by the design discharge which is generally less than the daily discharge. 

The flow is less than the long-term monthly discharge by 1.5 m3/s (~3%) for the dry 
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season while it is 2.3 m3/s (~ 2%) with respect to design discharge for the wet season. 

However, the annual variation in power production is quite high. It can be seen from 

Figure 4.7 that the probability of losing and gaining power generation in a year are as 

high as 40% and 30% respectively in the dry season. Likewise, the chances of power 

loss and gain are 10% and 5% respectively in the wet season. Additionally, the 

probability of producing less power than the design values are seen in 11 consecutive 

years (> 20%) in the dry season and 27 consecutive years (>50%) in the wet season.  

 

Figure 4.7: Seasonal variation in power generation of RoR projects in the BRB  

The findings of the historical flow analysis of half century of the observed hydrological 

data at Arughat hydrological station (#445) as presented in this section is attached as 

Appendix 1. 

4.4 Evaluation of SWAT model for flow simulation 

4.4.1 Calibration and validation of the model 

The developed SWAT model for the Budhigandaki basin, as discussed in chapter four, 

should be well calibrated and validated before using it for flow simulation under 

different climatic scenarios. In this study, the model is calibrated and validated for 

Arughat gauging station using 30 years of daily flow data (1983-2012). Further, 

calibrated model is further validated using short term data available two at upstream 

and one at downstream of calibrated station, i.e., (i) intake site of Budhigandaki KA 
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(BG KA), (ii) intake site of Budhigandaki KHA (BG KHA) lying upstream and (iii) 

1200 MW Budhigandaki Hydroelectric Project (BGHP) dam site lying downstream of 

Arughat station. 

a) Calibration and validation at Arughat gauging site 

The SWAT model is calibrated using 20 years (two-thirds) of the study period (1983–

2002) and validated using the remaining one-third 10 years (2003–2012) similar to the 

ones used by (Abbaspour et al., 2015; Aboelnour et al., 2020; Athira and Sudheer, 2021; 

Gupta et al., 2021; Havrylenko et al., 2016; Liu et al., 2021; Luo et al., 2020; Negewo 

and Sarma, 2021).  The 15 most sensitive parameters were selected for calibration after 

the sensitivity analysis. The final adopted values of the parameters (in alphabetic order) 

are shown in Table 4.2. It can be seen that two different sets of parameters directly 

influence the surface runoff (CN2 and OV_N) and lateral flow (LAT_TIME and 

SURLAG) whereas five parameters (ALPHA_BF, GWDELAY, GWQMIN, 

SOL_AWC and SOL_Z) impact the baseflow from the basin. There are six snow related 

parameters (snowfall temperature (SFTMP), snowmelt temperature (SMTMP), snow 

cover (SNOCOVMX), degree-day factors (SMFMX, SMFMN) and temperature lapse 

rate (TLAPS)) which are used to calculate the snow component of the total flow. Thus, 

it is seen that the basin demonstrates a high degree of complexity among the different 

interacting components of the hydrological cycle. 

Table 4.2: Selected SWAT parameters and their calibrated values. 

Parameter Unit Final Value Allowable Range * 

Impacted Component  

of Flow 

ALPHA_BF day 0.01 0–1 Baseflow 

CN2  50–93 35–98 Surface runoff 

GW_DELAY day 55 0–500 Baseflow 

GWQMIN mm 200 0–5000 Baseflow 

LAT_TIME day s/m1/3 18 0–180 Lateral flow 

OV_N  0.5 0.01–0.41 Surface runoff 

SFTMP °C 4.5 −5–5 Snow 
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Parameter Unit Final Value Allowable Range * 

Impacted Component  

of Flow 

SMFMN mm/°C/day 2.5 1.7–6.5 Snow 

SMFMX mm/°C/day 4.5 1.7–6.5 Snow 

SMTMP °C 2.5 −5–5 Snow 

SNOCOVMX mm 400 0–1.0 Snow 

SOL_AWC mm/mm 0–0.3 0–1.0 Baseflow 

SOL_Z mm 0–50 0–3500 Baseflow 

SURLAG day 1.0 1–10 Lateral flow 

TLAPS °C/km −6.5 −10–10 Snow 

(Marahatta et al., 2021d) 

Simulated and observed hydrographs for the calibration and the validation periods at 

Arughat on daily and monthly time steps are shown in Figure 4.8 and Figure 4.9. The 

performance indicators (NSE, PBIAS, RSR and KGE) obtained in calibration and 

validation using daily data, along with mean and standard deviation of observed and 

simulated flows, for different periods are presented in Table 4.3. The mean and standard 

deviation of the observed (simulated) flows are 168 (170) m3/s and 167 (168) m3/s, 

respectively for the calibration period and 154 (181) m3/s and 163 (180) m3/s, 

respectively for the validation period (Table 4.3). It can be seen from Figure 4.8 and 

Figure 4.9 that SWAT simulates the discharge very well and the hydrographs are well 

correlated the rainfall at both daily and monthly timescales. It is also evident from the 

scatter plots of simulated vs. observed daily flows of these periods (Figure 4.10). The 

difference in cumulative volume between the simulated and observed flow is very small 

for the calibration period (Figure 4.11a), however, the model has over-estimated the 

flow in the validation period (Figure 4.11b). 

The NSE, PBIAS, RSR and KGE values for the calibration period are, respectively, 

0.78, −1.46%, 0.47 and 0.89. Similarly, for the validation period, the values of NSE, 

PBIAS, RSR and KGE are 0.81, −17.1%, 0.44 and 0.79, respectively (Table 4.3). Based 

on the criteria prescribed by (Gupta et al., 2009; Knoben et al., 2019; Moriasi et al., 

2015, 2007; Nash and Sutcliffe, 1970; Pool et al., 2018), all these indices fall in the 

‘very good’ category except PBIAS in the validation period (‘satisfactory’ range). The 
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model performance parameters for monthly flows are even better for monthly timesteps 

0.88 (NSE), −6.5% (PBIAS), 0.35 (RSR) and 0.91 (KGE).  

 

Figure 4.8: Calibration and validation hydrographs at daily timestep at 

Arughat station. 

 

 

Figure 4.9: Calibration and validation hydrographs at monthly timestep at 

Arughat station 



84 

 

 

Figure 4.10: Correlation between observed and simulated daily flows in (a) 

calibration and; (b) validation 

 

Figure 4.11: Cumulative volume balance in the (a) calibration period; and 

the (b) validation period 

Table 4.3: Model calibration and validation statistics at Arughat station 

Statistic 

(Years) 

Mean Flow 

(m3/s) 

Standard Deviation 

(m3/s) 
Performance Indicators 

Observed Simulated Observed Simulated NSE PBIAS RSR KGE 

Calibration 

(1983–2002) 
168 170 167 168 0.78 −1.46% 0.47 0.89 

Validation 

(2003–2012) 
154 181 163 180 0.81 −17.1% 0.44 0.79 

Entire Simulation 

(1983–2012) 
163 174 166 172 0.79 −6.38% 0.46 0.88 
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The performance indices of this study are found better or comparable to similar studies 

carried out in other Nepalese basins. For example, for Chameliya, Karnali, Bheri, 

Kaligandaki, Indrawati, Tamakoshi, Arun and Tamor basins of Nepal, NSE (and 

PBIAS) values are respectively 0.75 (+5.1%), 0.84 (−14.2%), 0.70 (−4.4%), 0.78 

(−4.0%), 0.72 (-), 0.76 (−1.7%), 0.81 (−6.8%) and 0.85 (+4.3%) for calibration period 

while these values are 0.65 (-9.3%), 0.84 (−15.4%), 0.71 (−8.9%), 0.8 (+9.6%), 0.87 (-

), 0.84 (+5.2%), 0.58 (+24.6%) and 0.89 (+5.5%) respectively for validation period 

(Bajracharya et al., 2018; Bharati et al., 2019; Bhatta et al., 2019; Y. Mishra et al., 2018; 

Palazzoli et al., 2014; Pandey et al., 2020a, 2019; Shrestha et al., 2016b). Similarly, 

NSE (and PBIAS) values of Gilgelabay basin of Ethiopia, Gurupura basin of India and 

Tizinafu basin of Western China were found to be respectively 0.69 (+4.8%), 0.83 

(+17.5%) and 0.71 (+5.79%) for calibration period while these values for validation 

period were 0.68 (+4.9%), 0.85 (−3.9%) and 0.64 (−18.0%), respectively (Duan et al., 

2018; Sharannya et al., 2018; Tegegne et al., 2017). From the graphical comparison 

shown in Figures 4.10 to 4.13 and the performance rating given in Moriasi et al., 2007, 

Gupta et al., 2009 and Knoben et al., 2019 show that the SWAT model developed in 

this study is well calibrated and validated at Arughat.  

b) Additional validation of SWAT at supplementary stations 

Previous studies, e.g., Bharati et al. (2019) and Pandey et al. (2020a) have used multi-

site approach to calibrate the SWAT model. However, in the current study, the model 

is calibrated at a single point and validated at three supplementary points too which are 

upstream and downstream of calibration station, Arughat. It is worth mentioning that 

the researcher and team carried out rigorous discharge measurements and prepared 

rating curves at these three locations during 2009–2010 (BG KA and BG KHA) and 

2013–2014 (BGHP damsite) which has been used for the additional validation. The 

results of the validation have been shown in Figure 4.12 and Figure 4.13. The NSE, 

RSR, PBIAS and KGE values for BG KA are 0.66, 0.58, 21% and 0.59 and 0.58, 0.65, 

13% and 0.54 for BG KHA, respectively. Similarly, their respective values for the 

BGHP damsite are 0.91, 0.31, 7.88% and 0.81. As per the rating criteria by (Gupta et 

al., 2009; Knoben et al., 2019; Moriasi et al., 2015, 2007; Nash and Sutcliffe, 1970; 

Pool et al., 2018), the model performance is “very good” at the BGHP dam site, “good” 

at BG KA and “satisfactory” at BG KHA. This independent validation at supplementary 

sites reveals that the calibrated model at Arughat can simulate the flow well for the 
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Budhigandaki Basin up to the Trishuli confluence, although the performance is better 

in the downstream reach which is the site of interest for this study. 

 

Figure 4.12: Additional validation of flows at supplementary stations in 

upstream site (a) Budhigandaki KA and (b) Budhigandaki KHA  

 

Figure 4.13: Additional validation of flows at supplementary station at 

BGHP dam site 

c) Flow duration curve  

The flow duration curve (FDC) was prepared from the observed as well as simulated 

daily flow data at Arughat (Figure 4.14). From the figure, it can be seen that the FDC 

of both observed and simulated flow are also very close to each other. All these results 

show that SWAT model developed for BRB is capable enough to simulate the flow in 

this basin for different climatic conditions.   
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Figure 4.14: Flow duration curve generated from observed and simulated discharge 

d) Water balance of the Budhigandaki River basin 

Monthly simulated water balance component of the study basin is shown Figure 4.15. 

It depicts the distribution of water balance components, namely, precipitation (P), 

actual evapotranspiration (AET) and the net water yield (WY) of the study basin. The 

WY refers to the total flow coming as surface runoff, lateral flow, and groundwater 

flow minus transmission losses and pond abstractions (Arnold et al., 1998). Change in 

storage is defined as ∆Storage = − [(Precipitation (P) − Net Water Yield (WY) − 

Evapotranspiration (ET)]. It implies that if P > (WY + ET), the excess water infiltrates 

and is stored, as soil moisture and GW storages, of the basin. On the other hand, if (WY 

+ ET) > P, the water deficit is met by soil and GW storages of the basin. For example, 

in January, some water is released from the basin to meet the WY and ET while it is 

stored in the soil and GW storage in July. It is noted here that ∆storage accounts for 

model errors too. It can be seen from the results that precipitation across the SWAT 

sub-basins varies from less than 700 mm (leeward side of northern Trans-Himalayan 

region) to above 2500 mm (foothills of the Himalayas). The average annual 

precipitation over the entire basin is 1528 mm. Here precipitation has been taken as the 

sum of annual rainfall and snowmelt (318 mm). The percentage of precipitation falling 

in pre-monsoon, monsoon, post monsoon and winter are respectively 16%, 74%, 4% 

and 6% of the total annual value. The average annual AET over the basin is 402 mm 

while WY is 1010 mm. The WY is about 56% during monsoon (June–September) while 
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it is only 28% and 9% in pre-monsoon (March–May) and post-monsoon (October and 

November) seasons, respectively. It is only 7% of the total annual volume for the winter 

season (December–February). Delta storage for the entire simulation period has been 

calculated to be around 8%. 

 

Figure 4.15: Monthly simulated water balance components in BRB 

4.5 Hydrological modeling: better alternative to flow estimation 

4.5.1 General approach 

Various methods popular in Nepal viz. WECS/DHM 1990, NEA 1997, DHM 2004, 

drainage area ratio (DAR) and general transportation (GT), mentioned in Chapter 4 

(Details can be found in Marahatta et al., 2021b), are used for monthly flow estimation 

for various purposes. Monthly flows are, generally, utilized both in RoR and storage 

type hydroelectric projects to estimate the power production from them. In this study 

mean monthly flows were estimated from each of these methods and performance 

indicators are calculated for each of them that includes the results of SWAT model. 

From the estimated flows from considered six methods and the observed discharge at 

the gauging stations, performance statistics are calculated. It is to be noted here that 

performance evaluation of simulation results, WECS 1990, NEA 1997 and DHM 2004 
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methods are made with respect to long term averages of observed flow (1983-2012: 

Obs-A). However, DAR and GT estimates are compared with the average of two years 

data (2013-2014: Obs-B). This limitation is because measured data at BGHP dam site 

is not available for the other years. It is assumed that such difference will have minimum 

impact on performance parameters. Utilizing different performance indicators value 

Global Performance Index (GPI) were calculated for each method at these two sites. 

This statistical analysis helps to quantify the merits of the different methods, and assists 

in selecting the most reliable method for the use in the BRB.  

4.5.2 Performance evaluation at Arughat station 

Monthly flows from the different methods and observations are shown in Figure 4.16. 

Numerical values of goodness-of-fit parameters of the considered methods of flow 

estimation for Arughat are given in Table 4.4. Considering the monthly values, the 

coefficient of determination (R2) for all the methods are close and > 0.95. All the other 

calculated performance parameters except MAE show that the simulated flows obtained 

through SWAT hydrological modeling are found closer to the observed values. Even 

for MAE, the calculated value is very close to the NEA 1997 method. Based on GPI 

value as shown in Table 4.4, it can, safely, be concluded that the hydrological 

simulation method is the most suitable among the considered methods for simulating 

the monthly discharge at Arughat. Further, the method adopted by Nepal Electricity 

Authority (NEA 1997) and general transformation (GT) method respectively ranked 

second and third.  

Table 4.4: Performance of considered methods at Arughat and BGHP dam site 

Data 

Length 

Arughat: 30 years  

(1983-2012) 

BGHP dam site: 2 years 

(2013-2014) 

Parameters SWAT 

WECS

1990 

NEA

1997 

DHM

2004 DAR GT Parameters 

R2 0.98 0.97 0.97 0.96 0.99 0.99 R2 

MAE 21.6 60.6 20.9 61.0 52.4 30.2 MAE 

RMSE 36.6 209.6 65.1 211.4 181.5 104.5 RMSE 

PBIAS -6.4 37.3 11.6 37.6 -39.5 -22.7 PBIAS 

NSE 0.97 0.67 0.95 0.67 0.74 0.92 NSE 

KGE 0.87 0.45 0.81 0.45 0.49 0.72 KGE 

GPI 5.5 2.1 4.8 1.3 3.1 4.3 GPI 

Performance 

Rank I V II VI IV III Performance Rank 
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Figure 4.16: Comparison of Monthly Flows at Arughat 

Seasonal variation was also evaluated at Arughat gauging station using the methods 

explained above. Table 4.5 ranks the performance of the flow estimation methods based 

on seasonal GPI value. The GT and NEA 1997 methods performed the best for dry and 

post-monsoon seasons. Likewise, hydrological simulation ranked second in both 

seasons. However, it outperforms the other methods during the monsoon. Depending 

on the value of the weighted-average GPI, it can be seen that GT method ranks the first 

while hydrological simulation and NEA 1997 rank second and third respectively. The 

other methods did not perform satisfactorily at the seasonal scale.    

Table 4.5: Evaluation of the considered methods for seasonal discharge estimation at 

Arughat 

GPI and Rank Hydro Sim WECS1990 NEA1997 DHM2004 DAR GT 

GPI-Dry Season 3.83 1.50 3.50 3.83 2.92 5.42 

GPI-Monsoon 4.92 2.33 4.58 1.25 3.42 4.50 

GPI Post Monsoon 4.67 3.08 5.58 2.42 1.92 3.33 

GPI-Weighted Average 4.33 2.04 4.21 2.74 2.92 4.76 

Rank  II VI III V IV I 
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3.5.3 Performance evaluation at Budhigandaki dam site 

The mean monthly discharge was estimated using different methods and compared with 

the observed values (Figure 4.17). Performance rating of the considered methods are 

given in Table 4.6. It can be seen that SWAT ranks first among the considered 

approaches while GT ranks second and DAR ranked the last.  

 

Figure 4.17: Monthly hydrographs generated by different approaches at 

Budhigandaki dam site 

Table 4.6: Performance rating of different discharge estimation approaches at 

Budhigandaki Dam Site 

Data length 2 years (2013-2014) 

Parameters Hydro Sim WECS 1990 NEA 1997 DHM 2004 DAR GT 

R2 0.99 0.97 0.96 0.95 0.99 0.99 

MAE 38 52 54 51 68 44 

RMSE 69 181 186 176 234 153 

PBIAS 8.39 21.88 22.62 21.26 28.30 18.51 

NSE 0.95 0.89 0.88 0.88 0.85 0.94 

KGE 0.78 0.69 0.67 0.69 0.63 0.76 

GPI 5.83 3.25 2.08 3.17 1.67 5.00 

Performance 

Rank I III V IV VI II 
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Additionally, the seasonal global performance index (GPI) of the considered methods 

of discharge estimation is given in Table 4.7. The performance of the GT method in the 

dry season is relatively better than the other methods. However, for the other two 

seasons, hydrological simulation performed relatively well. Similar, to the annual case, 

seasonal performance of SWAT simulation shown by the weighted GPI is the highest 

among all the other considered methods (Table 4.7). Considering the overall GPI value, 

SWAT ranked first, GT second while NEA 1997 ranked the last.  

Table 4.7: Evaluation of seasonal discharge estimation at Budhigandaki dam site 

GPI and Rank Hydro Sim WECS1990 NEA1997 DHM2004 DAR GT 

GPI-Dry Season 4.67 2.42 2.00 3.42 2.92 5.58 

GPI-Monsoon 5.50 3.25 2.08 2.75 2.17 5.25 

GPI Post Monsoon 5.50 4.83 3.17 3.83 1.42 2.25 

GPI-Weighted Average 5.08 3.10 2.22 3.26 2.42 4.92 

Rank  I IV VI III V II 

 

Results show that SWAT model performs the best among the considered six methods 

for the BRB. The WECS 1990, NEA 1997 and DHM 2004 are empirical methods 

established by regression analysis. The regression coefficients are averaged at a 

regional scale and therefore, the performance of these methods may vary according to 

the catchment. Similarly, the DAR method only considers the size of the catchment. 

The GT method additionally takes into account the precipitation. Hence, its 

performance is better compared to the regional and DAR methods. However, it does 

not consider the basin characteristics. Simulations using SWAT model can be 

customized to account for a wide range of meteorological, hydrological, geological and 

catchment characteristics.  

4.6 Impact of climate change in river hydrology 

4.6.1 Selections of climate models 

First the climate model selection was made by comparing the projected mean 

temperature and annual precipitation changes (%) of 2021-2050 with baseline period 

of 1981-2005 for both RCPs, shown as dots in Figure 4.18. In RCP 4.5, the projected 
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changes in annual precipitation are in the range of -9% to +23% while most of models 

show increase in precipitation. Similarly, change in projected temperature ranges from 

+0.6°C to +3.0°C with multi-model mean showing an increase by approximately +1.7 

°C. Similarly, in RCP 8.5, the projected precipitation changes range from -11% to 

+21%. In case of temperature, the changes are from +0.7°C to +3.1°C with the mean of 

+1.9°C. It is noted here that in both RCPs, greater number of models show an increase 

in precipitation. In this first step, 20 models (5 models for each dry, warm-wet, cold-

wet and cold-dry corners, and for each RCP) were selected from 105 models for RCP 

4.5 and from 78 models for RCP 8.5 scenarios as shown in Figure 4.18. 

 

 

 

Figure 4.18: Projected changes in annual precipitation and annual mean 

temperature for RCP 4.5 and RCP 8.5.   
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Table 4.8: Summary of precipitation and temperature change indices score of selected 

GCMs  

 

 

Using Taylor method (Taylor, 2001) four GCMs, one GCM for each RCP and for each corner 

are selected in the final step as shown in Table 4.9. 

Table 4.9: Final selection GCMs using Taylor skill 

Condition GCMs 

Taylor Skill  

Precipitation Temperature Combined  

 

RCP 4.5 

Cold—dry 

(p10_10) 

inmcm4_rcp45_r1i1p1 0.707 0.835 0.771 

HadGEM2-CC_rcp45_r1i1p1 0.792 0.928 0.86 

MPI-ESM-MR_rcp45_r2i1p1 0.658 0.901 0.779 

RCP 4.5

Condition Model ∆r95p(%) ∆cdd(%) ∆wsdi(%) ∆csdi(%) ∆T(°C) ∆P(%)

Tindex 

rank

Pindex 

rank 

Combined 

Score

Cold,dry inmcm4_rcp45_r1i1p1 6.6 8.8 136.5 -21.3 0.7 -0.4 5 2 3.5

p10_10 FGOALS-g2_rcp45_r1i1p1 -8.1 -0.6 385.7 -89.9 1.4 -3.4 1 1 1

bcc-csm1-1-m_rcp45_r1i1p1 6.4 21.1 226.5 -78.4 1.4 1.9 2 4 3

HadGEM2-CC_rcp45_r1i1p1 0.8 44.7 564.6 -74.5 1.6 -2.5 3 5 4

MPI-ESM-MR_rcp45_r2i1p1 -0.9 12.4 207.5 -69.2 1.5 -0.4 4 3 3.5

Cold,wet MRI-CGCM3_rcp45_r1i1p1 55.0 -11.9 120.4 -90.0 1.2 13.9 1 5 3

p10_90 CSIRO-Mk3-6-0_rcp45_r3i1p1 34.6 -0.6 389.5 -55.9 1.2 14.8 3 3 3

CSIRO-Mk3-6-0_rcp45_r8i1p1 16.7 3.8 223.0 -54.9 1.4 11.5 4 1 2.5

CESM1-BGC_rcp45_r1i1p1 30.5 -8.8 218.1 -73.8 1.4 10.3 2 2 2

GFDL-ESM2G_rcp45_r1i1p1 38.9 5.3 377.5 -28.1 1.4 7.2 5 4 4.5

Warm,wet CanESM2_rcp45_r3i1p1 50.9 2.2 211.6 -87.0 2.3 12.7 3 4 3.5

p90_90 CanESM2_rcp45_r2i1p1 44.5 5.8 302.8 -78.8 2.3 13.3 5 3 4

CanESM2_rcp45_r1i1p1 51.1 7.2 180.0 -79.7 2.1 16.0 2 5 3.5

CanESM2_rcp45_r5i1p1 30.7 -8.4 149.8 -88.8 2.2 9.4 1 2 1.5

IPSL-CM5A-LR_rcp45_r3i1p1 19.7 -0.6 279.8 -78.1 2.0 15.0 4 1 2.5

Warm,dry CSIRO-Mk3-6-0_rcp45_r9i1p1 -4.7 28.5 683.2 -84.7 2.0 -0.8 5 5 5

p90_10 GFDL-CM3_rcp45_r1i1p1 0.3 4.5 646.5 -85.4 3.2 -3.8 4 2 3

MPI-ESM-LR_rcp45_r2i1p1 -7.6 9.5 291.7 -81.9 2.0 -7.7 2 3 2.5

MPI-ESM-LR_rcp45_r3i1p1 10.3 18.0 331.5 -76.2 2.1 0.8 3 4 3.5

MIROC-ESM_rcp45_r1i1p1 8.0 -4.0 233.1 -98.2 1.9 -0.6 1 1 1

RCP 8.5

Cold,dry inmcm4_rcp85_r1i1p1 15.6 3.4 168.1 -37.5 1.0 3.4 5 1 3

p10_10 GFDL-ESM2G_rcp85_r1i1p1 25.8 7.2 362.5 -61.9 1.6 2.7 3 2 2.5

HadGEM2-ES_rcp85_r4i1p1 10.0 30.0 383.8 -65.0 1.6 -1.2 2 4 3

FGOALS-g2_rcp85_r1i1p1 6.3 9.2 281.8 -92.7 1.6 2.6 1 3 2

HadGEM2-ES_rcp85_r1i1p1 7.4 42.3 352.8 -56.6 1.7 -3.4 4 5 4.5

Cold,wet CSIRO-Mk3-6-0_rcp85_r8i1p1 21.6 -9.8 218.2 -57.5 1.3 14.4 3 2 2.5

p10_90 CSIRO-Mk3-6-0_rcp85_r3i1p1 30.2 -11.3 349.9 -55.4 1.4 16.1 5 3 4

GFDL-ESM2M_rcp85_r1i1p1 44.1 -0.3 235.0 -56.7 1.4 12.8 4 4 4

IPSL-CM5B-LR_rcp85_r1i1p1 12.8 -11.7 152.2 -69.4 1.2 10.6 2 1 1.5

bcc-csm1-1_rcp85_r1i1p1 50.9 3.7 347.2 -82.3 1.6 8.8 1 5 3

Warm,wet CanESM2_rcp85_r2i1p1 48.3 4.1 325.0 -90.1 2.4 15.4 4 2 3

p90_90 CanESM2_rcp85_r3i1p1 49.3 8.3 285.7 -74.2 2.7 13.2 3 4 3.5

IPSL-CM5A-MR_rcp85_r1i1p1 43.7 1.1 347.0 -90.8 2.5 11.0 5 1 3

CanESM2_rcp85_r5i1p1 48.8 -15.2 169.8 -91.2 2.3 15.9 1 3 2

CanESM2_rcp85_r1i1p1 68.6 -2.8 208.9 -74.7 2.4 22.5 2 5 3.5

Warm,dry MPI-ESM-LR_rcp85_r3i1p1 16.6 12.6 414.3 -92.6 2.6 -0.5 3 3 3

p90_10 CMCC-CMS_rcp85_r1i1p1 5.1 9.7 318.0 -89.7 2.6 -6.9 1 1 1

GFDL-CM3_rcp85_r1i1p1 12.2 14.9 603.8 -76.7 3.0 -2.1 4 5 4.5

MIROC-ESM-CHEM_rcp85_r1i1p1 10.0 12.8 729.1 -94.8 2.6 -0.3 5 4 4.5

MPI-ESM-LR_rcp85_r2i1p1 -11.2 10.4 369.4 -85.2 2.4 -11.1 2 2 2
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Condition GCMs 

Taylor Skill  

Precipitation Temperature Combined  

Cold—wet 

(p10_90) 

MRI-CGCM3_rcp45_r1i1p1 0.568 0.891 0.729 

CSIRO-Mk3-6-0_rcp45_r3i1p1 0.49 0.891 0.69 

GFDL-ESM2G_rcp45_r1i1p1 0.663 0.904 0.784 

Warm—wet 

(p90_90) 

CanESM2_rcp45_r3i1p1 0.578 0.829 0.703 

CanESM2_rcp45_r2i1p1 0.529 0.832 0.68 

CanESM2_rcp45_r1i1p1 0.571 0.818 0.694 

Warm—dry 

(p90_10) 

CSIRO-Mk3-6-0_rcp45_r9i1p1 0.473 0.881 0.677 

MPI-ESM-LR_rcp45_r3i1p1 0.637 0.886 0.761 

RCP 8.5 

Cold—dry 

(p10_10) 

inmcm4_rcp85_r1i1p1 0.707 0.835 0.771 

HadGEM2-ES_rcp85_r4i1p1 0.789 0.952 0.871 

HadGEM2-ES_rcp85_r1i1p1 0.802 0.947 0.874 

Cold—wet 

(p10_90) 

CSIRO-Mk3-6-0_rcp85_r3i1p1 0.49 0.891 0.69 

GFDL-ESM2M_rcp85_r1i1p1 0.66 0.891 0.775 

Warm—wet 

(p90_90) 

CanESM2_rcp85_r3i1p1 0.578 0.829 0.703 

CanESM2_rcp85_r1i1p1 0.571 0.818 0.694 

Warm—dry 

(p90_10) 

GFDL-CM3_rcp85_r1i1p1 0.47 0.838 0.654 

MIROC-ESM-

CHEM_rcp85_r1i1p1 0.493 0.877 0.685 

Notes: Bold GCMs are selected from step 3. 

HadGEM2 was selected for cold and dry condition, GFDL for cold and wet condition, 

CanESM2 for warm and wet condition for both RCPs. However, in case of warm and dry 

condition MPI-ESM for RCP 4.5 and MIROC-ESM for RCP 8.5 were selected.  Summary of 

the selected GCMs for each RCP are presented in Table 4.10 
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Table 4.10: Summary of selected GCMs 

RCP 4.5 GCMs RCP 8.5  GCMs 

Cold-dry (p10_10) HadGEM2-CC_rcp45_r1i1p1 Cold-dry (p10_10) HadGEM2-ES_rcp85_r1i1p1 

Cold-wet (p10_90) GFDL-ESM2G_rcp45_r1i1p1 Cold-wet (p10_90) GFDL-ESM2M_rcp85_r1i1p1 

Warm-wet (p90_90) CanESM2_rcp45_r3i1p1 Warm-wet (p90_90) CanESM2_rcp85_r3i1p1 

Warm-dry (p90_10) MPI-ESM-LR_rcp45_r3i1p1 Warm-dry (p90_10) MIROC-ESM-CHEM_rcp85_r1i1p1 

Note: px_y: xth and yth percentiles of temperature and precipitation.   

4.6.2 Bias correction 

Precipitation and temperate were bias corrected by two different approaches: 

Precipitation was bias corrected from the full distribution of observed and GCM by 

distribution mapping (quantile) method, assuming there will be match statistical 

moments including the mean and standard deviation between two distributions. While 

in case of temperature, temperature variable, method was used.  

This approach assumes that relationship between GCM temperature and observed 

temperature in reference period also remain same between future GCM projection and 

future observation. Figure 4.19 shows the observed, uncorrected and bias corrected 

mean precipitation and temperatures for CanESM2 model for the RCP 4.5 scenario. 

The figure illustrates that the bias corrected values match closely with the observed 

data, which indicates that the climate data are well bias corrected. 
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Figure 4.19: Monthly observed (black), uncorrected (blue) and bias-corrected (red) 

(a) precipitation and (b) mean temperature for RCP 4.5 of CanESM2 
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4.6.3 Climatology under different climate change scenarios 

Percentage change in annual precipitation and temperature under two emission 

scenarios (RCPs 4.5 and 8.5) with respect to the baseline values are shown in Figure 

4.20. Projected precipitation by all the GCMs for all time windows, immediate future 

(IF), mid future (MF), far future (FF), is most likely to increase in both RCPs except 

the MPI-ESM for MF and FF and HadGEM2 for IF in case of RCP 4.5, and HadGEM2 

for IF and MF for RCP 8.5. The highest increase of about 9% and 20% from baseline 

values are found for RCP 4.5 in IF and RCP 8.5 in FF, respectively, projected by the 

CanESM2 model. Lowest projected precipitation by the HadGEM2 is found in IF time 

window. Their values are ~5% and 7% lower than the base case for RCPs 4.5 and 8.5, 

respectively. It can be seen from the figure that the precipitation is expected to increase 

with time, i.e. IF<MF<FF in RCP 8.5. However, in case of RCP 4.5, the response is 

mixed i.e., increasing trend for HadGEM2 (Cold-dry) and GFDL_ESM2G (Cold-wet) 

and decreasing in other two cases (Warm -wet and Warm- dry). This characteristic is 

illustrated in Figure 4.21 i.e., projected long term precipitation in RCP 8.5 shows a clear 

increasing trend, whereas there is no clear trend for RCP 4.5. 

Both the maximum and minimum temperature projection by all the selected GCMs (in 

all climatic conditions) are found increasing while moving from IF to FF in both 

emission scenarios, which is expected. The rate of increase of temperature is higher by 

all projections for RCP 8.5 than that of RCP 4.5 (Figures 4.20 and 4.21). It can also be 

observed that the increase in minimum temperature is higher compared to maximum 

temperature in all time windows for both emission scenarios and in all conditions except 

cold-wet condition (GFDL-ESM2G of RCP 4.5). However, the projected temperatures 

of selected models are found different. The maximum increase is found for minimum 

temperature projected by MIROC-ESM-CHEM (warm-dry/FF) of RCP 8.5 i.e., 6.5 oC. 

The minimum increase is found to be 0.6 oC projected by GFDL-ESM2G model in IF 

(Figure 4.20). 
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Figure 4.20: Change in precipitation (a and d); maximum temperature (b and e); 

minimum temperature (c and f) pattern of the four selected GCMs and ensemble 

of RCPs 4.5 (left) and 8.5 (right) with their respective time window: Blue (IF), 

Red (MF) and Gray (FF) 
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Figure 4.21: Precipitation and temperature (observed, bias corrected) of RCP 

4.5 (a, b and c) and 8.5 (d, e and f) of the selected GCMs; Black (baseline), 

Red (MIROC/MPI), Blue (GFDL), Green (HadGEM) and Purple (CanESM2) 

4.6.4 Variations of mean annual flow 

The simulated average annual discharge at BRB for the baseline period is 240 m3/s 

(Marahatta et al., 2021b). Table 4.11 presents the predicted flow and corresponding 

percentage changes in flow estimated by the selected GCMs for the four climatic 

conditions (warm wet: projected by CanESM2; warm-dry: MPI (RCP 4.5/MIRCO 

(RCP 8.5), cold-wet: GFDL and cold-dry: by HadGEM2) for all time windows capered 

to baseline flow.  

The maximum increase of annual flow in RCP 4.5 is more than 30% in cold-dry 

condition of FF and the minimum increase is about 10% in IF for the same condition 

predicted by HadGEM2 model. It shows that the HadGEM2 predicted flow has more 

variation than other GCMs in terms of annual averages. The increased flow of long-

term annual average is almost same for warm-wet condition projected by CanESM2 
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(IF: 29%, MF:30% and FF 28%) whereas it is in decreasing trend for warm-dry 

condition projected by MPI model (IF: 26%, MF: 20% and FF: 17%). Flow of other 

remaining two conditions are in increasing trend while moving from IF to FF [GFDL: 

18% (IF), 20% (MF) and 24% (FF); and HadGEM2: 10% (IF), 24% (MF) and 31% 

(FF)].  

The long-term average annual flow predicted by all GCMs for all time windows in RCP 

8.5 are also more than the baseline flow; in increasing order from IF to FF for all 

climatic conditions similar to RCP 4.5. The increase in annual projected flow is in 

between 5% (cold-dry/IF) and 57% (warm-wet /FF). Thus, the increase in long-term 

mean annual discharge is expected in the future for considered climate scenarios for 

both RCPs. Increment of ensembled flow is in between 21% and 25% in RCP 4.5 and 

20% and 48% in RCP 8.5. It shows that the magnitude of increment of future flow is 

expected to be is more for higher emission scenario. 

Table 4.11: Impact of climate change on long-term mean annual discharge 

Conditions Time Window 
RCP 4.5 RCP 8.5 

Flow (m3/s) % Change Flow (m3/s) % Change 

Baseline   240 - 240 - 

Cold Wet 

(GFDL-ESM2G) 

IF 283 18 304 27 

MF 287 20 317 33 

FF 297 24 358 49 

Warm Wet 

(CanESM2) 

IF 309 29 311 30 

MF 311 30 315 32 

FF 306 28 377 57 

Cold Dry 

(HadGEM ) 

IF 263 10 251 5 

MF 297 24 272 14 

FF 314 31 331 38 

Warm Dry 

(MPI-ESM-LR/ MIROC-ESM ) 

IF 301 26 287 20 

MF 288 20 334 39 

FF 281 17 350 46 

Ensemble 

IF 289 21 288 20 

MF 296 23 310 29 

FF 299 25 354 48 
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4.6.5 Variation of mean monthly flows 

Knowledge on the monthly variability under CC is useful for risk assessment of water 

resources development projects such as hydroelectricity, irrigation and municipal water 

supply. The monthly baseline and predicted ensembled flows as well as corresponding 

percentage changes due to CC for both RCPs are given in Figure 4.22. However, long-

term monthly flow of three-time windows projected by four GCMs representing four 

climatic conditions of RCP 4.5 and RCP 8.5 emission scenarios are given in Appendix 

(Table A2 and Table A3) respectively. The data shows that the range of change in 

monthly projected flow in RCP 4.5 is from -17% (June/MF/cold-dry) to 68% 

(March/FF/warm-wet) with respect to baseline flows. It is noted here that only four out 

of 144 cases (12 months * 3 times windows * 4 climatic condition) have more than 5% 

decrease in monthly flow. In almost sixty percent of the cases, flows are in the range of 

+10% to +25% of the baseline flows. Monthly flows more than 25% of the baseline 

flows are found to be in one fourth of the total months. In general, in three climatic 

conditions (warm-wet, cold-wet and warm-dry), more than 25% increase is found in 

the month of March. Even for cold-dry condition, the increased percentage is high 

(>15%). The monsoon flow is projected to increase considerably high in considered 

time-windows except for cold-dry condition in June. Magnitude of the projected 

monthly maximum flow in all time windows for all climatic conditions are found to 

occur in August similar to baseline except far-future of cold wet condition. In this case 

the flow value is maximum in July.   

In case of RCP 8.5, the range of change of monthly flow is nearly -50% (July/MF/cold-

dry) to 200% (October & November/MF/cold-dry). Almost two-thirds of the predicted 

monthly flows are more than 25% of the baseline values for all climatic conditions. 

Almost one fourth of the cases are in between 10 to 25% increase in monthly flows. 

The decrease in predicted flow was found only for cold-dry conditions. It is noteworthy 

to mention that this decrease is mainly observed in monsoon season (June, July and 

August) and in May. The rate of increase is found to be higher in post-monsoon season 

(October and November).  

The projected mean monthly flow are expected to increase in March, August, 

September, October and November for all scenarios except during May in MF for RCP 

4.5 (2021-2099). However, in RCP 8.5, all the ensembles of projected monthly flow 

increase in all time windows. The relative change in projected mean monthly discharge 
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under RCP4.5 is +11 to +28%, -1 to +36% and +5 to +43% for IF, MF and FF, 

respectively. These figures range from +3 to +52%, + 6 to + 77% and +18 to + 82% for 

IF, MF and FF respectively in case of RCP 8.5. Ensembled flows are found to be greater 

in RCP 8.5 than in RCP 4.5, except from May - August in IF, and July - August in MF. 

The maximum increase of 43% for RCP 4.5 and 82% in RCP 8.5 occurs during 

September.  

 

Figure 4.22: Hydrographs of monthly ensembled and baseline discharge and 

their changes 
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4.6.6 Variation in high and low flows 

The 10th percentile (Q10, high flow) and 90th percentile (Q90, low flow) values were 

derived from corresponding baseline and flow duration curves predicted by all four 

GCMs for the considered time windows. Their ratios (Q10:Q90) were calculated 

separately for each case. The 10th and 90th percentiles of baseline flow are respectively 

598 m3/s and 64 m3/s. It means this ratio of the baseline flow is 9. For RCP 4.5, the 

ratios of ensembled flow are found to be 11, 12 and 12 for IF, MF and FF respectively. 

However, such ensemble values for RCP 8.5 are respectively 14, 17 and 18 for IF, MF 

and FF. This result shows that variability is expected to increase with time and be of 

higher magnitude in RCP 8.5 than in RCP 4.5. 

Analysis was made to see the number of days > Q10 and < Q90 flows to assess the 

frequency of incidence of high flow and low flow. The number of days exceeding Q10 

or non-exceeding Q90 was 1098 for the baseline period (10% of the total number of the 

data). The number of days (for all the four GCMs) that is expected to have flow 

exceeding Q10 are more than 1098 days and non-exceeding Q90 are less than 1098 days 

except for one case (FF-low flow-warm dry-RCP 4.5). The increase in these days for 

IF, MF and FF are respectively 58%, 66% and 71% for RCP 4.5 and 43%, 62% and 

97% for RCP 8.5 respectively. On the other hand, the percentage of decreased number 

of days in which the discharge is expected to be less than Q90 are 29%, 26% and 14% 

for RCP 4.5 and 43%, 20% and 42% for IF, MF and FF, respectively. The findings 

indicate that the likelihood of the number of flooding days would increase during the 

high flow season while the number of firm flow days in the low flow season would 

decrease. 

4.6.7 Frequency analysis of Flow 

In this study, frequency analysis of annual one day maximum and minimum discharge 

at the outlet of the BRB was carried out by Gumbel Method with and without CC impact 

as discussed below.  

4.6.7.1 One day maximum flow 

Maximum instantaneous flows are, generally, used to estimate the design floods (Chow 

et al., 1988; Devkota and Gyawali, 2015). Annual maximum one day flood and 

instantaneous flood are positively correlated (Chen et al., 2017; Devkota and Gyawali, 
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2015; Devkota et al., 2020). Therefore, it is assumed that the impact of CC on 

instantaneous flows is same as that in annual one-day-maximum flow.   

The change in one-day-maximum flood for the emission scenarios RCP 4.5 and 8.5 and 

return periods are depicted in Table 4.12, including the baseline values. The baseline 

floods for 100, 500 and 1,000 years return period are respectively 1544, 1801, 1911 

m3/s. Table 4.12 also shows that the one-day-maximum flood resulting from CC is 

higher than the baseline floods for all climatic conditions and in all time windows for 

considered return periods. However, the predicted values differ among GCMs. The 

increase in the frequency for RCP 4.5 ranges from 66 % (warm-dry/IF/100 years) to 

226% (warm-wet/MF/1000 years). Similarly, the increase for RCP 8.5 ranges from 

69% (cold-dry/IF/100 years) to 317% (cold-wet/FF/1000 years). The flood frequency 

analysis also shows that the ensemble flood magnitudes are larger in the RCP 8.5 than 

in RCP 4.5 for all the return periods. However, cold and dry for IF and warm and wet 

for MF show smaller increase in the RCP 8.5 than for RCP 4.5. The change in 

ensembled projected flood is around 110%, 125% and 140% of baseline floods, 

respectively for IF, MF and FF time windows in case of RCP 4.5. These changes are 

140%, 160% and 180% for IF, MF and FF, respectively for the three-time windows in 

RCP 8.5.  

Table 4.12: One-day-maximum flood frequency analysis 

Time 

window 

Return 

Period 

(Years) 

Baseline 

Flow 

(m3/s) 

% Change in flow (RCP 4.5) % Change in flow (RCP 8.5) 

Warm 

Dry 

Cold 

Dry 

Warm 

Wet 

Cold 

Wet 
Ensembled 

Warm 

Dry 

Cold 

Dry 

Warm 

Wet 

Cold 

Wet 
Ensembled 

IF 

100 1,544 66 101 153 102 106 204 69 159 137 142 

500 1,801 67 109 163 106 111 226 72 171 145 154 

1000 1,911 68 111 166 108 113 234 73 175 148 158 

MF 

100 1,544 71 126 205 79 120 215 167 180 200 190 

500 1,801 72 131 220 79 125 228 183 189 217 204 

1000 1,911 72 133 226 78 127 233 188 192 223 209 

FF 

100 1,544 114 141 183 97 134 238 175 269 285 242 

500 1,801 123 149 197 98 142 254 183 280 309 256 

1000 1,911 126 151 202 98 144 260 186 283 317 262 
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4.6.7.2 One-day-minimum flow 

One-day-minimum simulated flows for the different conditions are given in Table 4.13. 

Results showed that range of change in one-day-minimum flow due to CC with respect 

to the baseline condition is in between -27% (warm-dry/FF/20 years) to +9% (warm-

wet/IF/2 years) for RCP 4.5 while it is in between -20% (warm-wet/MF/20 years) to 

+16% warm-wet/FF/2 years) for RCP 8.5 scenario. Almost half of the flow values in 

RCP 4.5 are expected to decrease by more than 10%. This phenomenon is mainly 

observed in MF and FF. Similar results are obtained in RCP 8.5, i.e., almost fifty 

percent of the low flows are lower than the base case values. It is more prominent in 

MF. Such decrease is mainly clustered for 10 and 20 years return period flows. 

Maximum decrease in predicted ensembled one-day-low flows are observed in FF in 

case of RCP 4.5 and MF in case of RCP 8.5. 

Table 4.13: One-day-minimum flow frequency analysis 

Time 

window 

Return 

Period 

(Years) 

Baseline 

Flow 

(m3/s) 

% Change in flow (RCP 4.5) % Change in flow (RCP 8.5) 

Warm 

Dry 

Cold 

Dry 

Warm 

Wet 

Cold 

Wet 
Ensembled 

Warm 

Dry 

Cold 

Dry 

Warm 

Wet 

Cold 

Wet 
Ensembled 

IF 

2 56 7 0 9 4 5 5 2 9 7 6 

10 47 2 0 -9 -4 -3 6 -2 -4 4 1 

20 45 0 0 -13 -7 -5 7 -2 -7 4 1 

MF 

2 56 -4 5 4 -7 0 0 -2 4 -2 0 

10 47 -11 0 -11 -15 -9 -11 -15 -15 -15 -14 

20 45 -13 -2 -16 -16 -12 -13 -20 -20 -18 -18 

FF 

2 56 -13 2 -2 -5 -4 -5 4 16 4 4 

10 47 -23 -4 -17 -15 -15 -15 -13 2 -2 -7 

20 45 -27 -7 -20 -18 -18 -18 -18 -2 -4 -11 

 

4.8 Impact of climate change on river flow 

This study found that the projected annual flows by all GCMs and for all time windows 

greater than the base case, indicating that the CC is expected to increase the mean 

annual flow. Similar trend are reported in other studies made in Nepalese rivers basins, 

for example, Indrawati (Shrestha et al., 2016b), in Bagmati (Dahal et al., 2016), 

Kaligandaki (Bajracharya et al., 2018), Bheri (Mishra et al., 2018),  Karnali (Dahal et 

al., 2020) and Koshi (Bharati et al., 2019; Devkota and Gyawali, 2015; Kaini et al., 

2020) except (Bhatta et al., 2019) in Tamor. The increase in ensembled future flows are 

found similar to that of Koshi river in  eastern Nepal (Kaini et al., 2020). The percentage 
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change in flow due to climate change in IF/MF/FF of this study and Koshi river are 

respectively 21/23/25 and 16/22/28 for RCP 4.5; and 20/29/48 and 18/31/57 for RCP 

8.5. From the results presented above, we can see that the range of increase in annual 

flow is more in RCP 8.5 (5%-57%) than in RCP 4.5 (10%-30%), except IF and MF of 

cold-dry and IF of warm-dry conditions. The larger increase in RCP 8.5 indicates that 

the larger increase in the temperature causes overall increase in the river discharge. 

Lower value of the predicted flows in RCP 8.5 are attributed to less precipitation in 

RCP 8.5 in these GCMs. Although the overall trend of projected flow is found 

increasing, the individual scenarios show differences in the magnitude of changes in 

flows. Depending on the GCM used and location of the studied catchments, the 

magnitude (in some cases even direction) of changes in flow as the impact of CC are 

reported differently in previous studies (Kaini et al., 2020; Pandey et al., 2020a; Phi 

Hoang et al., 2016; Wang et al., 2019; Zhou et al., 2017). For examples, in the study by 

(Zhou et al., 2017) using SWAT model, they found that annual runoff of the Yinma 

River Basin (China) in the future (2021-2050) would increase by 88% for RCP 4.5 and 

by 48% for RCP 8.5 in comparison to baseline period (1981-2010). On the other hand, 

decreases of mean annual runoff are projected by VIC model in all future time windows 

of 2010–2039, 2040–2069 and 2070–2099 in a similar study by Wang et al. (2019) 

conducted in Upper Yangtz river basin of China (the decrease in mean annual flow were 

7.84% under RCP 8.5 and 9.81% under RCP 4.5). Phi Hoang et al. (2016) found that 

the ensemble flow due to climate change shows increases in annual river flows between 

+5 and +16 %, in the Mekong River. Results from these studies highlight the need of 

localized prediction of future flows for water resource management considering the 

uncertainties.  

Except May and June, future flows predicted by all GCMs are likely to increase in all 

other months of the year for all time windows. This is similar to the results of Koshi 

Basin in Nepal (Kaini et al., 2020). As in the case of annual flows, the range of predicted 

changes in future flows shows high level of uncertainty depending on the choice of 

GCM. Such variation is quite high in RCP 8.5 (–50% to +200%). However, similar 

monthly variations in flow between -70% and +190% are found in Wagener et al. 

(2004). Similarly, the maximum monthly flow increases by 143% and 99%, 

respectively for RCP 4.5 and 8.5 were reported in (Zhou et al., 2017). On the other 

hand, (Kingston et al., 2011) found that the mean monthly river flow varies from −16 
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% to +55 %, with highest decrease in July and August, and greatest increases in May 

and June.  

Our results predict higher increase in high flows than that of low flows. The average 

increases (predicted by all GCMs for all time windows) of high flow (Q10) are 23 and 

26 %; and decrease of low flow (Q90) are 14 and 17 percentage with respect to the 

baseline for RCP 4.5 and RCP 8.5, respectively. It shows that the negative impacts of 

climate change can be expected in both the high flows (increasing) and low flows 

(decreasing). Similar results are reported for Ljubljanica river of Slovenia in all three 

investigated future time windows i.e., 2011-2040, 2041-2070, 2071-2100 under RCP 

4.5 (Sapač et al., 2019). Such projected impacts of climate change should be taken into 

consideration while planning and designing water resources development projects. 

The highest change in one-day-maximum flood is expected in warm-wet climatic 

condition for case of RCP 4.5 in all time windows. However, for RCP 8.5, warm-wet 

of IF predicts higher values of flood while cold-wet in other two time periods (MF and 

FF). Projected flood values are different depending on the GCMs indicating the 

uncertainty in the results. Consequently, increased predicted floods by all GCMs show 

that the flood disposal structure should be designed at higher capacity than the one 

designed based on baseline flood values to achieve climate resilience. Further the 

results of this study show that one-day-minimum flow is expected to decrease in the 

future as an impact of CC. It shows the need of storage over RoR projects for optimal 

water use planning.  

4.9 Impact of CC in hydro electricity production and revenue generation 

4.9.1 Reservoir operating rules 

A reservoir operating rule is a categorization of release decisions in operational periods, 

specified as a function of the reservoir storage at the beginning of a period and the 

inflow to the reservoir during the period. The reservoir operating rules adopted here is 

such that the dry season (December-May) energy is maximized and evenly distributed 

for this whole period, based on terrain data, live storage and long term monthly inflow 

data; and assumptions discussed in (Devkota et al., 2022; Marahatta et al., 2022). The 

operating rules were used to generate the available discharge and head of a particular 

month. Further, maximum energy at monthly timestep for the baseline was generated 
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(Table 4.14). The available discharge is the lowest (102 m3/s) in November but it 

increases by three times in May (353 m3/s).  

October and November are the months with the maximum available head (215 m) 

which occurs when the reservoir is at its full supply level (FSL: 540 masl). Minimum 

head is in May (152 m), in which month the water level reaches to the minimum 

operating level (MOL: 470 masl). Utilizing the available head and discharge, power (P) 

has been calculated, as given in Table 4.14, for all the months, ranging from 491 MW 

(dry season: December to May) – 198 MW (June and November). The maximum power 

production in the dry season is attributed to the operating rule of maximizing dry season 

power/energy. The minimum power production in June is because of the utilization of 

the water of this month in filling the reservoir and in November because of the low flow 

in the river itself. Higher values of Qmax is available in April (322 m3/s), May (354), 

June (351) and July (310) while it ranges from 251 to 297 m3/s in the remaining months. 

The maximum possible power (Pmax) is 491 MW throughout the year. The 

corresponding maximum possible monthly energy generation (Emax) ranges from 330-

365 GWh with the annual total of 4301 GWh. These values have been enforced into the 

power and energy generation calculations for the baseline as well as future CC cases as 

boundary conditions. 

Table 4.14: Monthly base case reservoir operating rule variables  

Base Case 

Variables 

Months 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

QLTMA (m3/s) 73 71 83 114 171 354 577 593 429 191 102 81 

QT (m3/s) 266 280 297 322 354 141 231 238 172 191 102 255 

H (m) 202 192 181 167 152 153 173 194 209 215 215 211 

P (MW) 491 491 491 491 491 198 365 421 328 374 198 491 

E(GWh) 365 330 365 353 365 142 272 313 236 278 143 365 

Qmax (m3/s) 266 280 297 322 354 351 310 277 257 251 251 255 

Pmax (MW) 491 491 491 491 491 491 491 491 491 491 491 491 

Emax (GWh) 365 330 365 354 365 354 365 365 354 365 354 365 

QLTMA: long-term mean monthly flow of the baseline period; QT: monthly discharge; P: Power; 

H: the available net head; Qmax: maximum allowable discharge; Pmax and Emax are the maximum 

possible power and energy generation utilizing Qmax and H. 
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4.9.2 Baseline energy generation 

The monthly variability in energy generation of the BGHP for the baseline period of 30 

years is shown in Figure 4.23(a). For the months of December-May, the mean energy 

generation is ~350 GWh while the wet months show high variability in energy 

generation (~145 GWh: November – ~280: August). There are some months with zero 

energy generation even in the monsoon, particularly in the dry years because the flow 

during these dry years do not exceed the required storage needed for the dry period. 

Figure 4.23(b) shows the distribution of energy generation during the baseline period. 

It can be seen that energy generation is in the range of 350-400 GWh for about 38% of 

the time (135 months out of total 360 months). Similarly, 87 months (~27% of the time) 

generate 300-350 GWh while six months (< 2%) generate 50-100 GWh.  

   

  

Figure 4.23: Monthly variability, frequency histogram and seasonal and annual 

variation of energy generation of the BGHP for the baseline period 

 

The average annual energy generation for the baseline period is 3385 GWh. Because of 

the operating rules, approximately 2000 GWh is constantly generated in the dry season 

(Figure 4.23(c)). The small variations are because of the relatively drier monsoon with 

c) 

b) a) 
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insufficient storage. However, the variation during the monsoon and post monsoon 

seasons is mainly determined by the flow characteristics during the wet season, causing 

significantly larger variations in energy generation. Figure 4.23 (c) shows a fluctuation 

of 484 GWh (1985) to 1782 (1999) in the monsoon season. As a result, the total annual 

energy generation is determined by the energy generated during the wet season. 

4.9.3 Future energy generation 

It is projected that BGHP shall annually generate 3871, 3861 and 3877 GWh on an 

average in the IF, MF and FF respectively which indicates an increase of about 14% 

compared to the baseline. Figure 4.16 presents the energy distribution for the future 

scenarios. It can be seen that the project is likely to generate 350 to 400 GWh for >61% 

of the considered time duration in RCP 4.5 (Figure: 4.24 top) for all the time-windows. 

This is a pronounced increase compared to the baseline in which 350-400 GWh 

generation was possible only 38% of the time. In the cases of IF, MF and FF, 66, 64 

and 68 months (~18% of the considered duration) respectively are expected to generate 

300-350 GWh energy. The combined count of months with energy generation below 

300 GWh is expected to reduce to 72 (~20% of the time) which is about half the value 

for the baseline (138 months) for all the considered time windows.  

Figure 4.24: Distribution of monthly energy generation for RCP 4.5 and RCP 8.5 and 

three-time windows 
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The trend of energy generation in the case of RCP 8.5 (Figure 4.24 bottom) is similar 

to the RCP 4.5 case. Energy generation in the range of 350 to 400 GWh is projected 

from 228 (63% of the time duration), 242 (67%) and 269 (75%) months respectively 

for IF, MF and FF. Similarly, 300 to 350 GWh energy generation is expected from 59 

(16%), 58 (16%) and 41 (11%) for IF, MF and FF respectively. A slight decrease in the 

number of months (20; 6%) expected to generate 250 to 300 GWh is projected for all 

the three time-windows. Energy generation up to 50 GWh is projected by less than two 

months for all the time windows – a considerable decrease (13 months) from the 

baseline. The expected average energy generation is 3864 (IF), 3949 (MF) and 3999 

GWh (FF) annually which are 14%, 17% and 18% increments respectively compared 

to the baseline.  The projected energy generation separated for dry and wet seasons as 

a function of time is shown in Figure 4.25. Dry season energy generation is almost 

constant at ~2000 GWh in all the scenarios. This constant value indicates that the total 

annual flow exceeds the minimum storage capacity. Similarly, due to the increased flow 

in the two climate change scenarios, the variations during the wet seasons is smaller 

than the baseline. However, a significant variation in the monsoon season is observed 

ranging from 1377 GWh (RCP 4.5-IF) to 2095 GWh (RCP 8.5-MF). As a result, the 

annual energy generation varies from 3520 GWh (RCP 4.5: IF) to 4239 GWh (RCP 

8.5: MF). 

Figure 4.25: Seasonal and annual energy generation for considered climate scenarios 
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4.9.4 Change in future energy production 

Monthly, seasonal and annual energy production for all climate scenarios were 

compared with the baseline (Table 4.15). Slight change is projected in the dry season 

while it is considerable in the monsoon. December-March shows no change while a 

small decrease is expected in April-May. Significant change is projected in November 

(MF; RCP 8.5) with 64.4% increase compared to the baseline. Annual energy 

production varies from 9.4 to 9.9 % for RCP 4.5 and 9.5 to 13.3% for RCP 8.5. 

Table 4.15: Average energy generation for the baseline, RCPs 4.5 and 8.5 scenarios  

 Energy 

(GWh) 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Base case 365 330 365 353 365 142 272 313 236 278 143 365 3528 

RCP 4.5 

IF 365 330 365 354 359 201 349 365 333 319 168 365 3871 

% change 0.0 0.0 0.0 0.0 -1.7 41.0 28.2 16.6 40.8 14.8 17.2 0.0 9.7 

MF 365 330 365 353 350 179 352 365 353 318 166 365 3861 

% change 0.0 0.0 0.0 -0.3 -4.2 26.1 29.3 16.6 49.4 14.4 16.4 0.0 9.4 

FF 365 333 365 349 353 192 352 365 353 321 165 365 3877 

% change 0.0 0.87 0.0 -1.2 -3.4 34.9 29.3 16.6 49.4 15.5 15.1 0.0 9.9 

RCP 8.5 

IF 365 330 365 353 358 179 283 365 336 356 207 365 3864 

% change 0.0 0.0 0.0 -0.3 -1.9 26.1 4.2 16.6 42.3 28.1 45.1 0.0 9.5 

MF 365 330 365 351 356 200 300 365 353 365 235 365 3949 

% change 0.0 0.0 0.0 -0.8 -2.5 40.8 10.2 16.6 49.4 31.1 64.4 0.0 11.9 

FF 365 330 365 353 360 210 365 365 353 365 203 365 3999 

% change 0.0 0.0 0.0 -0.3 -1.5 47.8 34.2 16.6 49.4 31.1 42.2 0.0 13.3 

IF: Immediate Future; MF: Mid Future; and FF: Far Future; highest values of each 

column are bold-faced. 
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4.9.5 Change in future revenue generation 

The total revenue of the base case is 306 billion USD. The monsoon share is 

approximately 27% ($ 83 million) whereas the dry season contributes the remaining 

73% (223 million USD calculated using the PPA rates (NEA, 2018) (Figure 4.26). A 

notable increase in the monsoon season as well as annual revenue is expected in the 

considered climate scenarios (Figure 4.25). Revenue in the monsoon season of RCP 4.5 

of all time windows and IF of RCP 8.5 is projected to increase by approximately 20 

million USD annually. However, for the MF (26 million USD) and FF (28 million 

USD) of RCP 8.5, the changes are more significant. The dry season revenue is projected 

to decrease with a very little amount (approximately 1 million USD) in all the climate 

scenarios. The cumulative increase in revenue of each time window is approximately 

600 million USD for RCP 4.5. When accumulated over 30 years, the increase in revenue 

are 590, 740 and 835 million USD for IF, MF and FF of RCP 8.5 respectively.  

 

Figure 4.26: Revenue generation and their contribution to the annual value for the a) 

base case; b) climate change scenarios 

Because of the differences in the geo-physical characteristics of the hydroelectricity 

projects, results from other studies are not directly comparable. Moreover, the scale and 

type of the project in addition to the used reservoir operating rules play a vital role in 

energy production (Chang et al., 2018). Therefore, we have compared the results of this 

study with other cases in the Hindu Kush Himalayan region. For example, an increase 

up to 45% in the streamflow and 25% in the electricity generation is estimated in the 

Ganga Basin (Ali et al., 2018). In the Tamakoshi basin of Nepal, hydroelectricity is 

expected to increase by 14% (Shrestha et al., 2016a). An increase of 1.7% in 

hydroelectricity potential is projected for Kabul River (Afghanistan) (Shirsat et al., 

2021) while the Upper Indus basin is projected to face a change of -5 to +40% in 
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hydroelectricity generation (Casale et al., 2020). However, expected decrease (for 

instance, up to 13% in Kulekhani Basin of Nepal) in hydroelectricity generation is also 

reported by past studies because of decrease in runoff (Shrestha et al., 2021). Therefore, 

the values of projected change (9 to 13% increase) in future electricity production of 

the study basin can be considered comparable with the findings of the above-mentioned 

studies. 

The total capital cost of the BGHP was estimated at 2550 million USD in 2015 (BGHP 

2015). It can be observed that climate change positively impacts the earning potential 

of the BGHP with an additional revenue generation sufficient to construct an additional 

hydroelectricity project with approximately 30% generation capacity (~1015 GWh 

annually) of the proposed BGHP. The annual energy consumption of Nepal was 14.5 

Mote (169 TWh) for the fiscal year 2019/020 (MoF, 2021). Contribution of liquified 

petroleum gas (LPG) was 449,063 Metric tonnes2 (equivalent to 6295 GWh). LPG has 

a nearly 3.7% share of the total energy consumption of Nepal. Thus, the results show 

that nearly 16% of the current national LPG consumption can be replaced by additional 

revenue generated from the additional discharge because of climate change. The 

estimated additional revenue generation due to climate change from the BGHP alone 

in the RCP 8.5 is capable of replacing 28 million USD (more than 1.5 percent) of the 

national fuel import (1.8 billion USD which is nearly 16% of the total trade deficit for 

2019/20) (MoF, 2021). These values can be considered as valuable contribution to the 

national economy, particularly for a developing country like Nepal. If this analysis is 

upscaled to the national level incorporating all the planned hydroelectricity projects in 

Nepal, the additional revenue from hydroelectricity due to climate change has the 

potential to replace current fossil fuel consumption.  

Moreover, the economic status and availability of resources within a country largely 

governs the harnessing of its hydroelectricity potential. For instance, the Scandanavian 

countries, Australia, New Zealand, Japan and Canada are exploring other forms of 

renewable energy because their hydropower potential has already been harnessed 

(Gunturu and Hallgren 2017; Amir Jabbari and Nazemi 2019; Wagner et al. 2019; 

Poletti and Staffell 2021). Therefore, hydroelectricity generation of these countries are 

expected to be less impacted by CC. China has generated about 3000 GW of 

                                                           
2 http://noc.org.np/import; accessed on 28 July 2021 

http://noc.org.np/import


116 

 

hydroelectricity because of its strong economy, availability of resources, increasing 

demand and latest technology (Liu et al. 2016; IEA 2020; Qin et al. 2020b).  On the 

other hand, in spite of tremendous hydropower potential, Africa has generated only less 

than 3% of its total hydroelectricity potential because of weak economy (Hamududu 

and Killingtveit 2016; Mtilatila et al. 2020; Uamusse et al. 2020), a condition very 

similar to Nepal (Jha, 2011). Brazil has generated significant hydroelectricity capable 

of supplying 30% of the total hydroelectricity use in Latin America. Therefore, Brazil 

faces a very large risk in hydroelectricity generation and trade in the future due to 

adverse impacts of CC (Caceres et al., 2021; de Faria and Jaramillo, 2017; de Jong et 

al., 2021, 2018; de Oliveira et al., 2017; de Queiroz et al., 2019; Donk et al., 2018). 

Therefore, it is seen that the impacts of CC on energy security and economy are likely 

to be severe in countries heavily reliant on hydroelectricity. Moreover, greenhouse gas 

reduction and additional revenue from hydroelectricity due to climate change are strong 

reasons for developing countries like Nepal to exploit its tremendous hydroelectricity 

potential in the future. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

This study assessed the interannual variability of hydroclimatic condition of the 

Budhigandaki River Basin (BRB) using daily hydrological and meteorological data for 

the period from 1983 to 2012. The well-established hydrological model, Soil Water 

Assessment Tool (SWAT) is utilized to simulate the Budhigandaki River flow. 

Moreover, other approaches for the flow estimation are also tested and a new evaluation 

statistical index, naming Global Performance Index (GPI) is established and compared 

the performance of empirical methods with observational and SWAT model data. 

Budhigandaki River flow is also projected utilizing SWAT model for the warmer 

climate considering two RCPs (Representative Concentration Pathways) using bias 

corrected future climate data. This study further assessed the impact of climate change 

on flow and hydro-energy generation considering three 30-years' time windows, to 

analyze the energy economics associated with the climate change induced flow. The 

following conclusions and recommendation were drawn based on the results of this 

study. 

 

5.1 Conclusions  

Historical hydroclimatic data shows that there is a large variation in daily, monthly, 

seasonal and interannual flow in the study basin. The BRB receives nearly 1530 mm of 

annual precipitation with 74 % of rainfall in monsoon season. The stations; Jagat, 

Arughat, Gorkha and Dhading shows the slightly decreasing trends in precipitation 

while maximum 24 hours rainfall is in increasing trend however it is not statistically 

significant. The spatial variation of precipitation is quite high, the high-altitude stations 

received 50-60% of the annual precipitation in monsoon season. Windward side of the 

mountain barrier receives high annual precipitation (~ 2500 mm) while the leeward side 

remains relatively dry received less than 700 mm. Significant positive trends in 

historical maximum temperature is observed. Minimum temperature also observed 

positive trends however, there is no significant trends in the case of minimum 

temperature. 
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Calibration and validation of the model was carried out using daily flow data of 20 and 

10 years (two-third and one-third period) at calibration station. Further validation at 

three supplementary points (two upstream and one downstream) at which the researcher 

collected primary river flow data and prepared rating curves. Long duration along with 

supplementary validation further added confidence to the model performance, the 

model performed well and was ranked “very good”. This study estimated the mean 

annual flow at BRB outlet to be 240 m3/s with annual precipitation 1495 mm and AET 

approximately 26% of the precipitation with distinct seasonal variability. Snowmelt 

contributes 20% of the total flow at the basin outlet during the pre-monsoon period and 

8% in the post monsoon period. This study provides additional evidence to the SWAT 

diaspora of its applicability to simulate the rainfall-runoff characteristics of complex 

mountainous basin. 

This study evaluated the performance of flow estimation using different empirical 

methods that are generally used to predict the monthly flow in Nepal; namely, DAR, 

GT, DHM/WECS 1990, NEA 1997, DHM 2004. The estimated flow was compared 

with the SWAT hydrological model using Global Performance Index (GPI) that was 

introduced to evaluate the flow estimation from methods. Based on the ranking of GPI, 

SWAT model is the best method considered for the monthly flow estimation in BRB.  

Four GCMs representing cold-dry, warm-dry, cold-wet, and warm-wet conditions for 

two emission scenarios, i.e., RCPs 4.5 and 8.5, projected by the selected GCMs predict 

an increase in annual precipitation and temperature for RCP 4.5. In the case of RCP 

8.5, most of the GCMs predict higher annual precipitation and temperature compared 

with the baseline condition, while some project a decrease in annual precipitation. The 

projected precipitation by almost all GCMs for all time windows (IF, MF, and FF) is 

most likely to increase in both RCPs. Both the maximum and minimum temperature 

projections by all the selected GCMs (in all climatic conditions) are found increasing 

while moving from IF to FF in both emission scenarios. The increasing temperature 

and variation in precipitation patterns in the BRB resulting from CC will impact the 

water resource availability in the future.  

The long-term average annual flow from both RCPs scenarios is projected to increase 

continuously in future warming climate. The relative change in the mean monthly flow 

under RCP 4.5 and 8.5 is also projected to increase for IF, MF, and FF. Ensembled 



119 

 

flows are projected to be higher in RCP 8.5 than in RCP 4.5. The monsoon flow is 

expected to increase significantly for all time windows in both RCPs. While the 

variation in the monthly flows from the baseline values of RCP 8.5 is projected to be 

higher than that of RCP 4.5, and the rate of increase is found to be more in the post-

monsoon season. The greatest magnitude of the projected monthly maximum flow in 

all time windows for all climatic conditions except FF of the cold–wet condition is 

found to occur in August, similar to the baseline condition. Moreover, the number of 

days exceeding the 10th percentile and not exceeding the 90th percentile is predicted to 

be more by all the GCMs. Likewise, the one-day-maximum floods (minimum flow) of 

different return periods are projected to be higher (lower) than those of the baseline 

floods (flow) for all climatic conditions and for all time windows in both RCPs. 

However, there is larger uncertainty in different ensembles of selected GCMs.  

This research further evaluated the impacts of CC on energy production of a storage 

type hydro-electric project and extended the analysis further to assess the energy 

economics considering an ensemble of different CC scenarios for such two RCPs for 

three 30-year time windows. A set of operating rules for use in the reservoir simulation 

of the BGHP was derived considering the baseline flows, terrain data and other site 

constraints such that dry season (December - May) energy was maximized. Utilizing 

the derived operating rules and monthly average flows for the baseline as well as future 

time-windows, power (and energy) for the different scenarios were compared with the 

baseline value at monthly, seasonal and annual timescales. Besides, the corresponding 

seasonal and annual revenues for the above-mentioned scenarios were then calculated 

and also compared with the base case. Results show that future annual energy is 

expected to increase considerably by about 9 to 13% of the baseline values. Expected 

larger changes in energy generation with higher variability in the positive direction for 

almost all the scenarios indicate an optimistic picture of the future for the hydropower 

sector as a result of CC. Additionally, projected increment in future revenue generation 

is in the range of 20 to 28 million USD annually. Overall increase in the dry season 

revenue and significant gain in the wet season as well as annual revenue due to 

additional energy generation is an anticipated positive economic impact of CC which 

is capable of contributing to the reduction of greenhouse gases and minimizing fossil-

fuel laden trade deficit. 
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The possibility of considerable economic gains in the future due to CC are strong 

reasons which should lure developing countries like Nepal with a high hydroelectricity 

potential to invest in and develop the clean renewable energy technology for sustainable 

energy security and environment protection. The findings of this research will be useful 

for hydrologists, economist and planners to utilize the available water rationally in the 

times to come and particularly, to harness the hydroelectric potential by considering the 

climate change in the complex mountainous basin like BRB. 

5.2 Recommendations  

The increase in future predicted floods implies the designing of flood disposal 

structures at a higher capacity than those designed based on historical data. 

Furthermore, the decrease in projected firm flows in the future suggests that storage-

type water resource projects are preferred over run-of-river projects for optimal water 

use planning from the perspective of climate resilience. During the process of this study, 

some of the limitations had surfaced, which could be addressed in the future studies. 

Some recommendations for policy and researchers/academia are as follows: 

5.2.1 Policy recommendation 

Based on the assumptions and the results of this study, the following policy 

recommendations are prescribed to confront the impacts of CC on hydroelectricity: 

 In areas where future flow and hydroelectricity generation are expected to 

increase, operating rules based on the historical baseline conditions are likely to 

turn out to be inefficient. Hence, provision of flexible operating rules in the 

energy/ hydro-electricity policy considering future hydro-climatic conditions is 

strongly recommended.   

 Huge amount of resources are required for energy sector in Nepal, proper 

mobilization of adequate financial resources (both internal as well as external) 

and utilizing them effectively for making rapid progress in water resources 

management and energy security in terms of renewable energy; like 

hydroelectricity are of utmost importance.  

 Regions where decreasing flow and/or hydroelectricity generation are expected 

in the future, other alternative sources of renewable energy like wind, solar and 

geothermal are to be explored for attaining a state of future energy security. 

Relying only on hydro-electricity might be extremely risky. 
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 Revenue aspects such as the power purchasing rates, rebates and subsidies, 

penalties, among others, should be revised accordingly considering future 

projected conditions for the sustainability of the hydro-electric projects.  

 This study recommends that: STPs with the provision of flexible operating rules 

are desirable for climate resiliency in hydroelectricity;  

 Alternative sources of renewable energy in the generation mix; and the policy 

instruments pertaining to the financial aspects should be continuously updated 

considering future conditions.   
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CHAPTER 6 

SUMMARY 

6.1 General overview 

This study targeted five objectives to address the main research questions. I completed 

the research publishing five papers that address each research questions and this chapter 

summarizes the finding based on these five peer reviewed research papers.  

Climate change has become a major challenge and threat to the planet particularly, after 

World War II. Although alteration in the Earth’s climate has been going on forever, we 

have started acknowledging its impacts on humans and the current environment only in 

the second half of the twentieth century. An understanding of the nexus of climate 

change, river hydrology and energy economics can have policy implications in the 

developing countries like Nepal.  

This study thus carried out to identify the impacts of climate change on river hydrology 

and energy economics at different scales; mainly continental, river basin and national 

level by establishing the hydrological model and the climate change analysis and their 

economic implication in terms of revenue generation. Available literatures, the 

secondary hydro-climatic data, energy table of the hydro-electricity projects and 

projected climate data from GCMs were considered for the analysis. DHM provided 

the hydroclimatic data mainly rainfall and temperature along with flow data from all its 

stations in and around the Budhigandaki River Basin from 1964 to 2017, while data 

from planed hydropower projects in the BRB were used to analyze at project level 

analysis from the Department of Electricity Development (DoED), Budhigandaki 

Hydroelectricity Project (BGHP) and private hydroelectricity developer. Similarly, 

hydro-electricity production and all types of energy used data of the whole country is 

collected from Nepal Electricity Authority and Water and Energy Commission 

Secretariat. Besides, the primary data generated by the author have also been used as 

the supplementary validation in this research for the validation of the reference 

hydrological station. The brief summary of analysis and results are presented here 

according to objectives of this study; 
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i. Identify historical variation in precipitation, temperature and runoff 

patterns, 

ii. Evaluate the empirical method and hydrological simulation for flow 

estimation in ungauged basins. 

iii. Simulate the historical river flow using SWAT hydrological model. 

iv. Project the hydro-climatic patterns under different climate change scenarios 

for this century. 

v. Analyze the hydroelectric power production and energy economics 

particularly change in revenue generation under the different climate change 

scenarios. 

6.2 Summary related to ‘specific objective i’ of the study  

The first objective of this study is to analyze the variation of hydroclimatic condition 

of the BRB, mainly focusing on the river hydrology and the result has been published 

in (Marahatta et al., 2021d). Daily flow data from 1964 to 2015 of Budhigandaki River 

at Arughat were considered to analyze the interannual flow variation of the RoR type 

of hydroelectric projects. The data show very high variation in all daily, monthly and 

seasonal flows. The long term annual average flow at Arughat is 160 m3/s that varies 

from 120 to 210 m3/s. The flow ratio between high 20% (Q20) and lower 20% (Q80) of 

exceedance flows was found to be about 14.  The long-term averages of loss in flow for 

both dry and wet seasons based on daily flows for three design discharges at Q90, Q60 

and Q40 are -0.72, -1.76 and -1.54 m3/s for dry season and 0.0, -0.27 and -2.26 m3/s for 

wet season, respectively. Although long term average loss is small, uncertainty 

increases with the increase in design discharge. This study found that the long-term dry 

season power loss is ~3% for the RoR projects of the basin. However, its annual 

variation is large, i.e., there is a probability of losing the quantum of energy generation 

by nearly 40% in some years and gaining by about 30% in some other years in dry 

season. The impact of flow variation on power production is negative in both dry and 

wet seasons for RoR projects of BRB. This study concludes that uncertainty arising 

from daily flow variation should be assessed while estimating energy generation in 

hydroelectric projects. 
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6.3 Summary related to ‘specific objective ii’ of the study  

The second objective of this study is to simulate the historical river flow using 

hydrological model and the result has been published in (Marahatta et al., 2021a) The 

soil and water assessment tool hydrological was used to characterize the rainfall-runoff 

behaviour of a complex transboundary mountainous BRB. The BRB was divided into 

16 sub-basins and 344 hydrological response units. The calibration and validation were 

carried out at Arughat station using daily flow data of 20 years and 10 years, 

respectively. Additionally, this study also carried out validation at three supplementary 

stations at which the primary river flow data were collected. Four statistical indicators: 

NSE, PBIAS, KGE and ratio of the root mean square error to the standard deviation of 

measured data (RSR) were used to evaluate the model performance. Calibration and 

validation results rank the model performance as “very good”. This study estimated the 

snowmelt contributes 20% of the total flow during the pre-monsoon and 8% in the post 

monsoon period. The 90%, 40% and 10% exceedance flows were calculated to be 39, 

126 and 453 m3/s respectively. 

6.4 Summary related to ‘specific objective iii’ of the study  

The third objective of this research is to evaluate the empirical method and hydrological 

simulation for flow estimation in ungauged basins and the result has been published 

(Marahatta et al., 2021c). Information and data on streamflow hydrology is crucial for 

different water management projects. However, availability of measured flow data in 

many cases is either inadequate or not available at all. When there is no gauging station 

available at the site of interest, various empirical methods are generally used to estimate 

the flow. This study aimed to estimate the monthly average flows using empirical 

methods and compare the results with hydrological simulation. This study found that 

hydrological modeling is the best among the considered methods of flow estimation for 

ungauged catchments. 

6.5 Summary related to ‘specific objective iv' of the study  

The fourth objective of this research is to project the hydro-climatic condition of BRB 

under different climate change scenarios and the result has been published in 

(Marahatta et al., 2021b). A relatively new approach of selecting global climate models 

(GCMs) for two emission scenarios, RCP 4.5 and RCP 8.5, representing four extreme 

cases (warm-wet, cold-wet, warm-dry, and cold-dry conditions). The bias-corrected 



125 

 

GCM data were used to simulate the SWAT model one at a time to evaluate the future 

flows of BRB for three 30-year time windows that are Immediate Future (2021–2050), 

Mid Future (2046–2075), and Far Future (2070–2099). The results showed that future 

long-term average annual flows are expected to increase in all climatic conditions for 

both RCPs compared to the baseline. However, the range of predicted changes in future 

monthly, seasonal, and annual flows shows high uncertainty. The comparative 

frequency analysis of the annual one-day-maximum and -minimum flows shows 

increased high flows and decreased low flows in the future. These results can be implied 

for design modifications in hydraulic structures as well as the preference of storage over 

run-of-river water resources development projects in BRB from the perspective of 

climate resilience. 

6.6 Summary related to ‘specific objective v’ of the study  

The fifth and last objective of this study is to analyze the hydroelectric power 

production and energy economics particularly change in revenue generation under the 

different climate change scenarios and the result has been published in (Marahatta et 

al., 2022). The impact assessment was conducted considering an ensemble flow of 

different CC scenarios derived for the proposed 1200 MW Budhigandaki Storage 

Hydroelectric Project.  We found that future energy is expected to increase by about 9 

to 13% compared to the baseline values and projected increment in future revenue 

generation is in the range of 20 to 28 million USD annually. This overall gain in the 

revenue due to additional energy generation is an anticipated positive impact of CC 

which is capable of contributing to the reduction of greenhouse gases and minimizing 

trade deficit. 
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ABSTRACT 

Daily flow data from 1964 to 2015 of Budhigandaki River at Arughat were analyzed to assess the impact of flow 

variation at different time scales to the run of the river (RoR) type of hydropower projects. The data show very high 

inter-annual variation in daily, monthly and seasonal flows. The long term annual average flow at Arughat was 160 m
3
/s 

and varies from 120 to 210 m
3
/s. The long-term averages of loss in flow for both dry and wet seasons based on daily 

flows for three design discharges (Q90, Q60 and Q40) were found to be respectively -0.72, -1.76 and -1.54 m
3
/s for dry 

season and 0.0, -0.27 and -2.26 m
3
/s for wet season.  Although long-term average loss is small, uncertainty increases with 

the increase in design discharge. The long-term dry season power loss is about 3 % for the RoR projects of the basin 

however, its annual variation is large. There is a probability of losing the quantum of energy generation by nearly 40% in 

some years and gaining by about 30 % in some other years in dry season. The impact of flow variation on power 

production was negative in both dry and wet seasons for RoR projects of Budhigandaki basin. This study concludes that 

uncertainty arising from daily flow variation should be assessed while estimating energy generation in hydropower 

projects. Intra-annual flow variation is, thus, to be taken into consideration while calculating the power generated by the 

RoR plants; and it should be reflected in power purchase agreement. 

Keywords: Design discharges, Energy, Fractional difference, Monthly flows, Runoff the river  

INTRODUCTION 

Nepal is one of the 47 least developed countries in the 

world at present (United Nations, 2020). The government 

of Nepal has put priority on the hydropower generation as 

the backbone of economic development in its endeavor to 

advance from its Least Developed Country status to 

Developing Country by 2022 and to reach to the middle 

income country level by 2030 has put its endeavor to 

graduate from its Least Developed Country status to 

Developing Country in 2022 and to upgrade middle 

income country level by 2030 (NPC, 2020). In order to 

realize these goals, Nepal has to achieve high growth in 

all sectors of economic development. 

Electricity is one of the key drivers among these factors 

for overall development of the country. Number of past 

studies showed that economic development of a country 

was strongly correlated with the access of electricity and 

its consumption (Aslan, 2014; Devkota, 2020; Kamaludin, 

2013; Lorde et al., 2010; Stern et al., 2019). It is because 

electricity brings higher agricultural productivity through 

powering irrigation, food and seed preservations, and 

contributes to effective running of industrial and service 

sectors. Similarly, it enhances productivity of education 

efforts and health services, and helps to improve clean 

water supply and sanitation. It also helps to create 

opportunities in the application of new technologies and 

ease access to information (Satpathy, 2015). Previous 

empirical studies have revealed the bidirectional causality 

between economic growth and electricity consumption, 

i.e., greater electricity consumption brings about higher 

economic growth and higher economic growth creates 

demands for greater electricity consumption (Ogundipe & 

Apata, 2013). However, this relationship was not linear 

and depends on the stages of development (Hirsh & 

Koomey, 2015). Some of the other studies found 

unidirectional causality between economic growth and 

electricity consumption, i.e., electricity consumption leads 

to economic growth or vice versa, depending on the stage 

of development (Bayar & Özel, 2014; Zhang et al., 2017). 

Per capita energy consumption in Nepal is low, i.e., 434 

kg oil equivalent for the year 2014 when the world 

average was 1,922 kg oil equivalent (World Bank, 2020). 

More than 77 % of the energy consumed comes from 

traditional and inefficient sources, e.g., wood, cow dung 

and agricultural residue, and about 17 % from petroleum 

product and coal. The share of electricity in total energy 

use is only 3.4 % (WECS, 2013). The per capita 

electricity consumption of Nepal was 146 KWh in 2014, 

less than 5 % of the world average of 3,132 KWh. Nepal's 

electricity consumption is less than 4 % and 18 % 

compared to China and India, respectively (World Bank, 

2020). 

Recognizing the importance of energy for socio-economic 

development, the Government of Nepal plans to increase 
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per capita energy consumption in its finer form, i.e., 

electricity. Nepal has set hydropower development as a 

priority (WECS, 2013) using its annual available water of 

225 km
3
 (WECS, 2005) and its unique topography, vast 

abundance of rivers and streams for hydropower 

development. Hydropower development can contribute to 

national development through reduced imports of fossil 

fuels, expand the area of land under irrigation and 

diversify the economy in which poor households are more 

integrated in the economy. Increase in greater electricity 

generation is expected to promote industrialization, 

generate foreign currency reserves through export of 

electricity to reduce Nepal’s trade deficit (Alam et al., 

2017; MoWR, 2009; Thapa & Basnett, 2015). 

Hydropower development in Nepal started in 1911 with a 

500 KW plant in Pharping near Kathmandu (Dixit, 2002). 

At present, total hydropower production in Nepal is 

around 1,278 MW (NEA, 2020), of which storage plant 

produces 104 MW (DOED, 2020).  After the People’s 

Movement of 2006 that transformed the country’s 

political structure into federal republic, the Government of 

Nepal (GoN) has taken new policy and project level 

initiatives for hydropower development. A task force was 

formed in December 2008 to formulate programs for 

developing 10,000 MW in 10 years for overcoming the 

energy crisis  (MoWR, 2009). 

This task force has provided the list of storage and run-off 

the river projects with a time-line for development. 

Similarly, GoN has also proposed a plan of development 

of 25,000 MW in 20 years in 2009 (MoWR, 2010). The 

government has announced plans for developing 3,000 

MW of hydropower in three years, 5,000 in five years and 

15,000 MW in ten years, raising per capita energy 

consumption of 245 KWh to 700 KWh in 2022 (NEA, 

2019). It includes both storage projects: (16, Total 

Capacity: 9,000 MW) and peaking run-of the river 

(PRoR) projects (16, Total Capacity: 6,000 MW) 

(MoWR, 2010). 

The above shows a shift in the government’s priority to 

hydropower development and focus on storage projects. 

This shift is useful because a storage project addresses the 

seasonal variation of river hydrology by storing water 

during high flow period (monsoon season) for power 

generation during lean flow period when the demand of 

electricity is higher in Nepal. Further they can act as a 

multipurpose water resources projects by having 

provisions for water supplies for drinking, irrigation and 

industrial uses; recreation; navigation and flood control.  

To have year-round irrigation mainly in the Terai region 

(Indo-Gangetic plain), the irrigation policy of Nepal 

foresees the need of reservoir projects. Reservoir projects 

are not only beneficial to Nepal but also to India in terms 

of irrigation and flood control (Pun, 2017; Upadhyay & 

Gaudel, 2018). Although stored water of a reservoir can 

be used for various purposes, in Nepal they are meant for 

hydropower generation. 

Production of electricity (hydropower) is a function of 

flow and head. The capacity of a power plant depends on 

the river discharge in RoR types of projects. In a storage 

hydropower plant, the operation is based on the reservoir 

volume, inflow characteristics and purpose of its use, such 

as if a plant is operated for generating electricity to meet 

the daily demand or to meet peak hours’ demand (Liu et 

al., 2016). Whatever the cases, river hydrology plays an 

important role in hydropower generation. 

Rivers supply water for drinking, industries, irrigation, 

hydropower generation, transport and sustaining 

ecosystems services to the people in downstream (Akhtar 

et al., 2008; Miller et al., 2012; Molden et al., 2011; 

Viviroli et al., 2011), however climate change is 

impacting river hydrology (Devkota & Gyawali, 2015; 

Pandey et al., 2020). Variation in flow in rivers is high 

(BGHEP, 2015; DHM, 2018) and the impact of variation 

in meeting daily, monthly or seasonal water requirements 

is seldom studied. This understanding of river hydrology 

is important from a technical point of view of generation 

and operation of hydropower plants and from an 

investment portfolio as investment is substantial. The 

knowledge of the magnitude of such variations is crucial 

to the private investors because the developer has to pay 

penalty if the project cannot supply the agreed amount of 

energy to NEA  (NEA, 2017). In 2020, private producers 

contribute almost 55 % of power to Nepal’s integrated 

power system (NEA: 582 MW, IPPs: 696 MW) (NEA, 

2020). 

Energy generation by a hydropower project is calculated 

on the basis of the long-term monthly average flow 

(QLTMA) of the river (DOED, 2018).  However, the flow of 

a given month of a particular year varies significantly 

from QLTMA.  Such variations have implications on power 

production of the plant but the developer has to pay 

penalty if the project cannot supply the agreed amount of 

energy to NEA  (NEA, 2017). The main objective of this 

study was to assess the impact of flow variation in the 

Budhigandaki river basin on power production of RoR 

type of hydropower projects. The specific objectives of 

the study were (i) to estimate the flow available for power 

production of each month based on long term monthly 

flow and design discharge, and (ii) to calculate the change 

in power production due to monthly variation in flows. 

MATERIALS AND METHODS 

Study area 

The location map of the Budhigandaki river basin is given 

in Fig. 1. It is a part of the Narayani river basin, bordered 

in the north by the Tibetan Plateau, in the south and east 

by the Trishuli river basin, and in the west by the 

Marsyangdi river basin. The flow gauging station of this 
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basin is located at Arughat (#445) of which the catchment 

area is 3,863 km
2
. The total catchment area at the 

confluence of the river with the Trishuli river is 4,988 km
2
 

(Marahatta et al., 2021). 

  

 

Fig. 1. Location map of Budhigandaki basin 
 

The database of the Department of Electricity 

Development (http://www.doed.gov.np) shows that 35 

hydropower projects (total capacity ~ 3000 MW) are 

ranging from 0.5 to 1200 MW at various stages of 

development in the Budhigandaki basin. Budhigandaki 

storage hydro-electric project (1200 MW) is one 

proposed. 

Theoretical background; the impact of flow variation 

in power generation 

The power that can be generated in a hydroelectric power 

plant is given as in equation (1) 

       (1) 

Where, P represents the power (KW),  is the efficiency 

of the plant,  is the unit weight of water (9.8 KN/m
3
), Q 

flows through the turbine (m
3
/s), and H is the net head 

(m). 

A power plant is either storage or the run of the river 

(RoR) type depending on the availability of storage 

reservoir in a river and the generation system. The RoR 

type of project uses the instantaneous flow of the river 

which governs the capacity of the RoR plant. In Nepal, 

the RoR plants are generally designed for Q40 (Qx: the 

flow having x percent exceedance probability) using 

historic daily flow data (DOED, 2018). Energy generated 

by such plants is estimated based on the long-term 

monthly average flows. Department of Electricity 

Development, of the Government of Nepal, grants survey 

and generation license to the private/public developers 

(DOED, 2018) based on the calculated energy. A power 

purchase agreement (PPA) is signed between the 

developers and the Nepal Electricity Authority (NEA), the 

sole buyer of electric energy in the country. The price of 

electricity depends on the season of the year (dry or wet).  

It is more for dry season energy than for wet one. If a 

producer cannot supply a committed amount of electricity 

to NEA in the dry period of a given year, a penalty is 

imposed on the producer. The flow variation in the river 

(daily, monthly, annual) affects the power generation by a 

power plant affecting the price. The variation besides 
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affecting power planning for NEA brings in uncertainty 

for the producers in terms of revenue and the danger of a 

penalty. 

Using equation (1), the change in power (dP) generated 

can be expressed as equation (2). In RoR projects, change 

in head, dH of equation (2) is negligible. Thus, the change 

in power generation by RoR plants for a given day or 

month is dependent on the change in the flow (dQ) of the 

river entering into the system as given by equation (3). 

    (2) 

     (3) 

Possible case of flow and implication of flow variation 

in RoR project 

The flow in a river at a particular month can be divided 

into 6 types with respect to the long-term mean monthly 

(QLTMA) and design flows (Qdesign) as given in Table 1. 

These flows are clustered into two cases. Case 1 can be 

taken as a flow in the wet season (June-November) in 

which QLTMA is, generally, higher than the design 

discharge. Case 2 resembles dry season (December -May) 

flow in which season QLTMA is generally lower than Qdesign.  

The flow at a particular day can be higher or lower than 

both Qdesign and QLTMA or in between them. Such deviation 

of flow (dQ)) from QLTMA can be advantageous, 

disadvantageous or neutral for the project as shown in 

Table 1. 

Daily flow data at Arughat gauging station (#445) from 

January 1, 1964 to December 31, 2015 were collected 

from the Department of Hydrology and Meteorology 

(DHM) of Nepal (DHM, 2018). An exceptionally high 

flood of July 5, 1968 washed away the gauging station 

(Shankar, 1969), and DHM could not collect the data for 

the remaining days of that year.  The flow data of 1968 

was, therefore, not included in the analysis.  The 

methodology followed to assess the impact of flow 

variation on power production is as follows: 
 

Table 1. The implication of flow variation for a run of the river power plant 

Case/Flow Condition Loss/gain amount 

inflow (dQ) 

Power loss or gain to 

design value 

Remarks         

Spill: resource loss 

Case 1: Q1-1 Q > QLTMA  &  

Q > Qdesign 

0 No Water Spill 

(Q - Qdesign)   

Case 1: Q1-2 Q < QLTMA  &  

Q > Qdesign 

0 No Water Spill 

(Q - Qdesign)   

Case 1: Q1-3 Q < QLTMA  &  

Q < Qdesign 

Q-Qdesign Loss (-) No Spill 

Case 2: Q2-1 Q > QLTMA  &  

Q > Qdesign 

Qdesign-QLTMA Gain (+) Water Spill 

(Q - Qdesign)   

Case 2: Q2-2 Q > QLTMA  &  

Q < Qdesign 

Q-QLTMA Gain (+) No Spill 

Case 2: 2-3 Q < QLTMA  &  

Q < Qdesign  

Q-QLTMA Loss (-) No Spill 

  

Annual and monthly flow estimation: The annual 

average flow, monthly average flow for each year, and 

long-term monthly flows were calculated from daily data. 

Seasonal flow estimation: Average flows for the 

monsoon season (June-September), post-monsoon season 

(October and November), winter season (December-

February), Pre-monsoon season (March-May) flows, and 

dry season (December-May) and wet season (June-

November) flows for each year from monthly flows were 

calculated. 

Design discharge estimation: Three design discharges 

viz. Q90, Q60, and Q40 were estimated from the flow 

duration curve. 

Estimation of change in available flow (dQ) for power 

production: Based on long-term mean monthly flow 

(QLTMA) and design flows (Qx) as discussed in the 

theoretical section, the change in available flow for power 

production in a particular month was calculated. 

Estimation of change in power production (dP): 

Change in power production for each month was 

calculated using equation (3). 

RESULTS AND DISCUSSION 

Annual flow characteristics 

Annual average, an average of the upper 20 % and lower 

20 % of the flows, and their mean values are plotted in 

Fig. 2 to examine if there is any trend in those flows.  A 

few ups and downs can, noticeably, be seen in an interval 

of certain years, mainly on high and average flow. 

However, they were found decreasing since 2000 for 

about 15 years. 
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Fig. 2. Annual average, mean of upper 20 % and lower 20 

% flow at Arughat 

To cross-check if the observed flow data of this period at 

Arughat are correct, the annual average flow of this 

station was plotted along with annual total rainfall at 

Arughat rain-gauge station and annual average flow 

observed at nearby gauging station (Betrawati of Trishuli 

river) in Fig. 3.  Similar variability and decreasing trend 

after the year 2000 both inflows and rainfall can be seen 

in this figure. It depicts that the observed flow data used 

in the analysis can be safely said to be reliable and the 

decrease in flow after 2000 is mainly attributed to rainfall 

decrease in this period. However, it is too early to say that 

the flow at Arughat station has started to decrease as a 

result of climate change. 

 

Fig. 3. Comparison of annual average flow at Arughat 

with the rainfall and flow at nearby Gauging 

station, Betrawati 

Long term average of annual, upper 20 %, and lower 20 % 

flows are given in Table 2. It shows that the long-term 

average flow at Arughat was 160 m
3
/s with an annual 

variation between 121 and 210 m
3
/s. Similarly, long-term 

averages of the highest 20 % and lowest 20 % flows were 

respectively 416 and 31 m
3
/s. Data showed that the annual 

variation was more in higher flows (298-591 m
3
/s) and 

less for low flows (21-42 m
3
/s). The fractional difference 

between upper 20 % and lower 20 % flows is about 14 for 

the study period. However, in some years this fractional 

difference was quite above 20 (26 in 1999 and 21 in 

2000). It showed a great variation between high and low 

flows that occur in this river. 

 

Table 2. Flow characteristics of Budhigandaki River at Arughat 

Particulars No. of 

data 

Average flow 

(m
3
/s) 

Standard deviation 

(m
3
/s) 

Minimum flow (m
3
/s) Maximum flow (m

3
/s) 

Annual flow 51 160 18 121 210 

Monthly flow 612 160 148 20 597 

Daily flow 18,627 160 157 18 1,457 

Upper 20 %  51 416 57 298 591 

Lower 20 %  51 31 5 21 42 
 

Daily and monthly flow characteristics 

Data presented in Table 2 show that the observed daily 

flow varied from 18 m
3
/s to 1,457 m

3
/s whereas monthly 

averages vary from 20 to 597 m
3
/s in the study period 

(1964-2015). It shows that the fractional difference 

between maximum to minimum of daily and monthly 

flows were 80 and 30 respectively. A higher fractional 

difference of maximum to minimum flow with decreasing 

period reveals the need for a storage facility in this river to 

utilize its water to the maximum extent possible, in the 

present case for hydropower generation. At the same time, 

it indicates high uncertainty on the availability of water 

for the run of the river schemes proposed in this basin. 

Seasonal variation 

In Nepal southwest monsoon becomes active from June to 

September when rainfall is heavy. The river flow is, 

consequently, high during these months (monsoon 

season). In the next two months, October and November 

(post-monsoon season), the flow is less than monsoon 

season but substantially high. The months of December, 

January, and February are called the winter season in 

which river flow is low. During the remaining three 
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months (March, April, and May) called pre-monsoon 

season temperature starts to rise and the snow starts to 

melt. The flow in Nepalese rivers during monsoon and 

post-monsoon (considered wet) seasons is high and 

enough to meet various needs including hydropower 

generation. 

The remaining two seasons categorized as dry season 

(NEA, 2019) flow in the rivers is not sufficient to meet 

the required water demand, for hydropower generation. 

The long-term average, minimum and maximum flows 

calculated for these seasons at the Arughat Gauging 

station are depicted in Fig. 4. The flow during monsoon, 

post-monsoon, winter, and pre-monsoon seasons were 

respectively 72 %, 12 %, 6 %, and 10 % of the total 

annual flow. These figures show the six months of the dry 

season has only 16 % of the annual total whereas the wet 

season has as high as 84 % of the total flow. The 

fractional difference between seasonal maximum to 

minimum flows lies between 2 and 3 (Fig. 4). 

Monthly variation 

Month-wise long-term average flows and their variation 

are given in Table 3. In hydropower projects, these long-

term monthly average flows are used to calculate the 

energy generation for the RoR plants. We can see from 

Table 3 that the highest value of long-term monthly 

average flow occurs in August (436 m
3
/s) and the lowest 

(30 m
3
/s) in February. 

 

Fig. 4. Seasonal variation of flow at Arughat station 

The intra-month variation in those 51 years’ data is high, 

i.e., more than three times in four months (April, May, 

June, and October) and not that much high (less than two) 

in August while in other months it is in between 2 and 3. 

The number of months in which flow was greater than the 

long-term average is also given in Table 3. Except for 

February, in all other months, these numbers were less 

than 50 %. In some months (April, September, and 

October) it was around 40-45 %. It means there is a high 

probability of having less energy generation than the 

calculated ones based on long-term monthly average 

flows. The consequence has a revenue implication for the 

project. It clearly shows that the chances of penalty to be 

paid by the developers are more likely as stipulated in 

NEA (NEA, 2017). To be fair to developers, this issue of 

uncertainty needs to be considered while devising PPA. 

 

Table 3. Long term monthly flow at Arughat 

Month  Data 

No. 

Average 

flow (m
3
/s) 

Stdev 

(m
3
/s) 

Min flow 

(m
3
/s) 

Max flow 

(m
3
/s) 

No. of months 

with Q> Qavg 

Jan 51 35.1 5.4 23.9 48.3 25 

Feb 51 29.9 4.8 21.2 43.0 24 

Mar 51 34.4 7.3 20.2 53.2 26 

Apr 51 56.2 14.9 27.2 96.7 22 

May 51 101.6 30.1 50.0 189.3 25 

Jun 51 221.8 54.3 111.8 390.0 24 

Jul 51 408.6 58.6 290.6 570.1 24 

Aug 51 436.2 65.3 330.2 597.2 25 

Sep 51 313.6 58.4 207.9 459.8 20 

Oct 51 150.0 34.8 85.8 257.8 22 

Nov 51 76.8 16.7 47.5 114.3 23 

Dec 51 47.7 8.7 30.7 74.3 25 
 

Design flows 

The Run of the River Power Plants can be designed for 

any design flow. However, it is, generally, designed for 

Q40 (40 % of the days in a year, the flow in the river is 

more than the design flow value) in Nepal (DOED, 2018). 

Flow duration curve (FDC) constructed from historical 

daily flow data is utilized to estimate the design flow 

which is given in Fig. 5 for the Arughat station. The 

analysis shows that the Q10, Q40, Q50, Q60, and Q90 for 

Arughat were 413, 125, 84, 59, and 30 m
3
/s, respectively. 
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However, values of Q40 (design flow for RoR), Q60 (an 

intermediate value), and Q90 (sustained flow) were used to 

see the impact of flow variation on power generation 

hereunder. 

 

Fig. 5. Flow duration curve of Arughat Gauging site 

Impact of flow variation 

As stated above, energy calculation of the power plant 

was made, and PPA was done with NEA by power 

producer based on the long-term monthly average flows 

(QLTMA) and the designed flow (Qx where x represents 

probability of exceedance of flow, i.e., flow equal or 

greater the x percentage of days of the year).  However, 

inter-annual variation in daily flow in a particular month 

can be more than the considered QLTMA in some years and 

less in other years.  If the flow on a particular day is more 

than the design flow, it will spill. On the other hand, if it 

is less than the design flow, less power will be produced. 

The PPA rate was different for two seasons, i.e., Rs 8.40 

and 4.50 per KWh for the dry season and wet season 

respectively for RoR Project (NEA, 2019). The impact 

assessment for RoR plants was, therefore, made separately 

for the dry and wet seasons. Three design flows were 

considered in the analysis: Q90 (sustained flow), Q60 

(intermediate value), and Q40 (popular design Q for power 

plants). 

Impact of flow variation on RoR projects 

The long-term averages of loss/gain inflow for both dry 

and wet seasons for three design flows (Q90, Q60, and Q40) 

are given in Fig. 6. They were respectively -0.72, -1.76, 

and -1.54 m
3
/s for the dry season, and 0.0, -0.27, and -

2.26 m
3
/s for the wet season based on daily flow analysis. 

These results show that the impact of flow variation was 

found to be negative, i.e., there will be less flow available 

for power generation in RoR projects in all cases except in 

the wet season for the Q90 scenario where there is neither 

loss nor gain. This result unveiled the necessity of energy 

calculation based on daily flow while assessing the full 

extent of uncertainty in energy generation by a RoR 

project. 

Since Q90 flow is quite small (30.1 m
3
/s) and all daily 

flows of the wet season exceed this value, no loss 

situation occured for this case. In other cases, daily flows 

were either more than both Qx and QLTMA of the 

considered month or less than these flows or in between 

these two values. It has resulted in either flow gains in 

some years and lost in other years with a net loss inflow. 

In Fig. 6, the range in which the variation in loss or gain 

inflow values for these cases occurs is also shown.  From 

this figure, we can see that the extent is more on the losing 

side than on the gain side in all cases. The range is 

becoming wider for higher Qx. Although long-term 

average loss is small, uncertainty increases with the 

increase in Qx. For example, the loss in flow for Q90 in 

one year reaches -4.37 but for Q40 it is -18.93 m
3
/s while 

the gains for these scenarios are 0.02 and 16.0 m
3
/s, 

respectively, for Q90 and Q40. This is happening in the dry 

season. Similarly, the extent of gain and loss of flow in 

wet seasons for design discharge as Q40 were respectively 

12.5 and 5.6 m
3
/s. 

 

Fig. 6. Long term average loss of flow due to flow 

variation in the river, Qx-dry: considered design 

flow is Qx and season is dry, Qx-wet: considered 

design flow is Qx and season is wet (x: 90, 60, 40) 

Out of 51 years, the number of years in which the flow 

less than the anticipated values (QLTMA for dry season and 

Qdesign for wet season) is depicted in Fig. 7. From the 

figure, we can see that the number of years in which the 

flow is less than 50% in all cases except the Q90-wet 

season. The numbers of years in which both wet and dry 

seasons lose the flow were respectively 27 and 24 for Q60 

and Q40. The above figures clearly show that the current 

basis of PPA is not in the favor of the energy producer as 

the probability of losing years is more likely than gaining 

years. As per (DOED, 2020) the application for survey 

and construction licenses is more than 15,000 MW and 

7,000 MW respectively. Even now the production of 

hydropower by private developers is almost 10% more 

than that of the government (NEA, 2020). If the private 

developers are not getting a profit, their contribution to 

the hydropower sector will go down and the aspiration of 

the Government of Nepal of developing hydropower will 

be jeopardized. 
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Fig. 7. Number of loss years in different scenarios, Qx: 

considered design flow is Qx (x: 90, 60, 40) 

Impact of flow variation on power production of RoR 

projects 

As per equation (3), the gain or loss of flow due to flow 

variation in a river has a direct impact on power 

generation i.e., y % reduction or augmentation inflow 

results in the y % loss or gain in power generation in RoR 

projects. During the dry season the daily flow in the river 

governs the power generation as it is generally less than 

design discharge, and in wet season design discharge 

governs power generation as it is less than the daily flow. 

The flow was less than the anticipated long-term monthly 

flow by 1.54 m
3
/s (~3 %) for the dry season while it was 

2.26 m
3
/s (~ 2 %) for design flow for the wet season. It 

implies that the expected value of the dry season power 

loss is about 3 % and 2 % for the RoR projects proposed 

in the Budhigandaki basin. However, the annual variation 

in power production is quite high. The graph shows that 

the probability of losing and gaining power generation in 

a year are respectively 40 % and 30 % in the dry season 

(Fig. 8). Similarly, the probability of losing and gaining in 

power generation was about 10 % and 5 % respectively in 

the wet season. 

Fig. 8 also depicts that there is a probability of producing 

less power than the estimated one for 11 consecutive years 

(> 20 %) in the dry season and 27 consecutive years (>50 

%) for the wet season. It is noted here that the production 

will be less than the estimated for 11 consecutive years in 

both seasons. It indicates that the revenue generated by 

the developers of RoR projects in the Budhigandaki basin 

is likely to be less than the calculated one. The flow 

characteristics of other rivers of Nepal are also somewhat 

similar to that of the Bhudhigandaki River if we look at 

the data of DHM (2018). It implies that the private power 

producer is more likely to suffer if the current system of 

analysis continues. 

Electricity helps to increase the productivity of all three 

major sectors of productions (agriculture, industry, and 

service sectors).  It enhances the quality of education, 

health services and access to information, etc. (Satpathy, 

2015) Economic development of a country was, thus, 

positively and strongly correlated with access to 

electricity and its consumption (Aslan, 2014; Kamaludin, 

2013; Stern et al., 2019). Hydropower is a clean, 

renewable, and environmentally friendly source of energy 

that helps to reduce greenhouse gas production and 

consequent climate change. The CO2 emissions per GWh 

are 3-4 tonnes for run-of-the-river hydropower, and 10-33 

tonnes for hydropower with a reservoir (WEC, 2004). 

These values are about 100 times less than the emissions 

from traditional thermal power (Berga, 2016). 

 

Fig. 8. Impact of flow loss/gain in power production from 

RoR plants in Budhigandaki basin 

The demand for LPG gas is rapidly increasing as an 

alternative option for kerosene in the urban area and 

firewood in the rural area of Nepal. However, the high 

import of LPG is challenging for the sustainability and 

energy security of the country. In the Medium Growth 

Scenario, substituting LPG with electricity could save the 

country from $21.8 million (2016) to $70.8 million (2035) 

each year (Bhandari & Pandit, 2018).  It all shows that 

Nepal should prioritize hydropower development for its 

prosperity as envisioned in its constitution (GoN, 2015) 

and private power producers are to be encouraged in this 

national endeavor. The analysis of this study found that 

the inter-annual flow variation issue should be dealt with 

rationally not to discourage RoR hydropower 

development in Nepal. 

CONCLUSIONS 

The long-term annual average flow at Arughat is 160 

m
3
/s. However, it varied from 120 to 210 m

3
/s in the study 

period. The flow at this gauging station during monsoon, 

post-monsoon, winter, and pre-monsoon seasons were 

respectively 72 %, 12 %, 6 %, and 10 % of the total flow. 

It implies that the dry season has only 16 % whereas the 

wet season has as high as 84 % of the total flow.  The 

fractional difference of upper 20 % to lower 20 % flows 

amounted to 14.  The relatively high ratio and long-term 

monthly average flow ranging from 30 m
3
/s in February to 

436 m
3
/s in August show high inter and intra annual 

variation in Budhigandaki River flow. 
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This study found that the flow was less than the 

anticipated long-term monthly flow by 1.54 m
3
/s (~3 %) 

for the dry season while it was 2.26 m
3
/s (~ 2 %) with 

respect to design flow for the wet season. In other words, 

the expected value of the dry season power loss was about 

3 % and 2 % for the RoR projects proposed in the 

Budhigandaki River basin. Nevertheless, these figures are 

not so high; the probability of less production of power in 

a year may go up to 40 % for the dry season and 10 % in 

the wet season.  Further, there is a probability of 

producing less power than the estimated one for 11 

consecutive years (> 20 %) in the dry season and 27 

consecutive years (> 50 %) for the wet season. The flow 

characteristics of other rivers of Nepal are also somewhat 

similar to that of the Bhudhigandaki River.  This study 

concludes that uncertainty arising from daily flow 

variation should be assessed while estimating energy 

generation in hydropower projects, and it should be 

reflected in the power purchase agreement. 
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Abstract: The soil and water assessment tool (SWAT) hydrological model has been used extensively
by the scientific community to simulate varying hydro-climatic conditions and geo-physical environ-
ment. This study used SWAT to characterize the rainfall-runoff behaviour of a complex mountainous
basin, the Budhigandaki River Basin (BRB), in central Nepal. The specific objectives of this research
were to: (i) assess the applicability of SWAT model in data scarce and complex mountainous river
basin using well-established performance indicators; and (ii) generate spatially distributed flows and
evaluate the water balance at the sub-basin level. The BRB was discretised into 16 sub-basins and 344
hydrological response units (HRUs) and calibration and validation was carried out at Arughat using
daily flow data of 20 years and 10 years, respectively. Moreover, this study carried out additional
validation at three supplementary points at which the study team collected primary river flow data.
Four statistical indicators: Nash–Sutcliffe efficiency (NSE), percent bias (PBIAS), ratio of the root
mean square error to the standard deviation of measured data (RSR) and Kling Gupta efficiency
(KGE) have been used for the model evaluation. Calibration and validation results rank the model
performance as “very good”. This study estimated the mean annual flow at BRB outlet to be 240 m3/s
and annual precipitation 1528 mm with distinct seasonal variability. Snowmelt contributes 20% of the
total flow at the basin outlet during the pre-monsoon and 8% in the post monsoon period. The 90%,
40% and 10% exceedance flows were calculated to be 39, 126 and 453 m3/s respectively. This study
provides additional evidence to the SWAT diaspora of its applicability to simulate the rainfall-runoff
characteristics of such a complex mountainous catchment. The findings will be useful for hydrologists
and planners in general to utilize the available water rationally in the times to come and particularly,
to harness the hydroelectric potential of the basin.

Keywords: hydrological simulation; SWAT; water balance; complex mountain; Budhigandaki

1. Introduction

Complex interactions between the atmospheric system and the underlying topography
determine river discharge. It is a part of rainfall that appears in a stream and represents
the total response of a basin. Surface flow, subsurface flow, base flow and precipitation
that directly falls on the stream constitutes the total discharge in the river [1,2]. Time
series of flow data is one of the most important requirements for planning, operation
and control of all water resources projects [3–5]. However, measured flow data are not
available in most of the cases in such project sites [5]. It is because of the lack of sufficient
flow gauging stations in most river basins. The situation is more severe in mountainous
basins [6] because of the inaccessibility of most of these sites for local observations. It is
the reason why water budget analyses in such basins are not as easy as in other gauged
basins [7,8]. However, most of the large rivers (e.g., the Ganga, the Indus, the Sutlej, the
Brahmaputra, the Mekong, the Yellow) in the world originate from the mountains and are
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perennial in nature as they are constantly fed by snow and glaciers. Mountain basins might
have, thus, been considered as the water towers of the world [7,9].

The characteristics of the river basins are usually controlled by the geo-physical
environment and hydro-climatic conditions [10]. In central Himalaya, high relief with
steep topography along with tectonic activities, climate-driven erosional process and high
sediment yield, among many other factors, make the basins complex [11]. Precipitation
in Nepalese mountainous river basins, including the Budhigandaki River Basin (BRB),
are mostly influenced by orography, aspect and physiography, with more amount of
precipitation in the windward side than in leeward side [12–18]. The challenge is further
exacerbated due to limited data availability in these regions because of difficult access.

To address the challenge of non-availability of observed data at local level for water
resources planning and utilization in the river basin, hydrologic simulation method has
been widely used in recent years [19–23]. Simulation models provide excellent platforms for
evaluating various options for water resources as well as environmental planning [24,25]. In
hydrological simulation, a hydrologic model which is a simplified software representation
of the hydrological process within a basin boundary, is used to generate the flow at required
locations of the river basin.

Based on spatial discretization, three types of model are in practice: lumped, semi-
distributed and fully-distributed. For example, Hydrologiska Byråns Vattenbalansavdel-
ning (HBV), GR4J (Génie Rural à four paramètres Journalier), hydrological model (HY-
MOD), artificial neural network (ANN) based data-driven hydrological models, simplified
version of the HYDROLOG (SIMHYD), Snowmelt Runoff Model (SRM) and TANK are
lumped models while the Soil and Water Assessment Tool (SWAT), topographic hydrologic
model (TOPMODEL), Variable Infiltration Capacity (VIC) and Hydrologic Engineering
Center—Hydrologic Modeling System (HEC-HMS), are semi distributed ones. Variant
of Système Hydrologique Européen (MIKE SHE) and Visualizing Ecosystem Land Man-
agement Assessments (VELMA) are fully distributed models [25–28]. These are either
event-based (e.g., Runoff Analysis and Fow Training, RAFT) or continuous (e.g., MIKE
SHE, SWAT) flow generating models [29,30].

The SWAT model [30,31] has been chosen among many hydrological models for
this study. Several studies have been carried out to assess the water availability and
impacts of climate change; land use and land cover changes around the world using SWAT
model [21,32–34]. Studies in the Nile Basin by Griensven et al. [35], Itapemirim River basin
(Brazil) by Fukunaga et al. [36], Ganga Basin by Anand et al. [37], and Mekong Basin by
Tang et al. [38] are some of them. Details on the use of SWAT for various purposes can
be found in [39]. Shrestha et al. [40] has evaluated the hydrological responses of SWAT
models for 11 basins in two contrasting climatic regions (Himalayan and Tropical) of Asia.
Their result reveals that SWAT is a suitable tool for modelling hydrological responses in
both regions including four snow-fed basins of Nepal. SWAT model has successfully been
used in other Nepalese catchments too; Koshi [27,41] Narayani [42], West Rapti [43] and
Karnali [25,44–46]. There are a number of similar studies that used SWAT model in other
river basins of Nepal to assess the river hydrology and the impact of climate change [47]
in Kaligandaki basin; [48,49] in Bagmati basin; [50] in Karnali basin; [51] in Tamor basin,
and [52] in Koshi basin. SWAT being a freely available public domain hydrological model
capable of simulating complex hydrological processes might have made it popular for
hydrological simulation around the world.

The Budhigandaki River Basin (BRB) was selected for this study. Altitudinal variation
in precipitation pattern is remarkable in this basin [53–55] including Tibet. Furthermore,
precipitation is quite high (>75% of the total) during the monsoon season (June–September)
as compared to other months of the year [56,57]. The main objective of this study is to
apply SWAT model to simulate the river hydrology of BRB. The specific objectives are to:
(i) assess the applicability of SWAT model in data scarce and complex mountainous river
basin using well-established performance indicators; and (ii) generate spatially distributed
flows and evaluate the water balance at the sub-basin level. Further, the model was used to
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assess the impact of climate change in the hydrology of the basin (Part II—accompanied
paper).

2. Materials and Methods
2.1. Study Area

The BRB is a transboundary river basin of which about one-fourth of the basin area
lies in Tibetan plateau of People’s Republic of China and the remaining part lies in Federal
Democratic Republic of Nepal (Figure 1). The basin area at the confluence of Trishuli River is
4988 km2, with an average elevation of 3723 masl (range: 315 m–8163 m). Physiographically,
the basin falls in the Middle Mountains and the Himalayas. It is noted here that Mount
Manaslu, the eighth highest peak in the world, is situated in this basin [58]. Long-term
annual rainfall of the BRB is 1495 mm with an extremely high spatial variability within the
basin. Rainfall intensities vary throughout the basin with maximum intensity occurring
on the south facing slopes of the mountains. The station Arughat receives an annual
precipitation of greater than 2500 mm while the Tibetan part of the basin receives less than
700 mm [57,59]. The mean annual flow of the Budhigandaki river near the Budhigandaki
Hydroelectric Project (BGHEP) dam site is estimated at 222 m3/s [53]. The temperature
varies from −2.0 ◦C in winter to 33.0 ◦C in summer in the study basin [60].
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Figure 1. Location map of the Budhigandki River Basin.

2.2. Data Used

The hydro-meteorological data that has been used for the SWAT model in this study
are precipitation, minimum and maximum air temperature. Besides, Digital Elevation
Model (DEM), land use and soil map data are the spatial data required (Table 1).
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Table 1. Sources of Data.

Data Data Source

River flow [53,61–63]

Precipitation and
temperature

Nepal- Department of Hydrology and Meteorology (DHM),
Tibet—[64] https://data.tpdc.ac.cn/, assessed on 24 July 2020

Digital elevation model
(DEM)-30 m resolution

Shuttle Radar Topography Mission (SRTM)
(www.earthexplorer.usgs.gov, accessed on 25 July 2020)

Soil

SOTER (2019) for Tibet
(http://www.isric.org/data/data-download,

assessed on 24 July 2020)
Nepal—[65]

Land use [65,66]

2.2.1. Meteorological Data

Meteorological data from eight stations in and around the study basin (1981–2015)
were used as input to the model (Figure 1). Two stations have both observed precipitation
and temperature data while the remaining six stations have only precipitation data. Grid-
ded data of precipitation and temperature for the Tibet part of the basin was also used in
the study. Quality checking of the data was done through various methods: homogeneity
test, outliers checking, inter parameter consistency checking, spatial checking and double
mass curve analysis. The average areal precipitation over the catchment was calculated by
the Thiessen polygon method [67] using geographic information system (GIS).

2.2.2. Flow Data

Long term daily flow data (1983–2012) of Budhigandaki river at Arughat gauging
station has been used for calibration and validation of the model. Similarly, short term
flow data available at the damsite of the proposed Budhigandaki Storage Hydropower
Project (2013–2014) lying downstream of the Arughat station and headwork sites of two
proposed run of the river hydropower projects, viz., Budhigandaki KA and KHA (2009)
lying upstream of Arughat (Figure 1) were also used for additional validation of the model.

2.2.3. Spatial Data

Shuttle Radar Topography Mission (SRTM; 1 arc second horizontal resolution) DEM
was used to delineate the river network and sub-basins. Landuse and land cover (LULC)
data were obtained from [65]. Soil data of the Tibetan part of the basin was taken from Soil
Terrain Database Programme (SOTER) which is at 1:1 million scale whereas soil data for
Nepal was obtained from [65]. LULC and soil maps of the basin are shown in Figure 2a and
b respectively. LULC data was categorized into nine classes while soil data was segregated
into 17 classes. BRB is covered by snow and glaciers (SNGL-29%), followed by forest (FORS-
23%), barren (BARN-21%), shrub and grassland (SHGR-18%) and agriculture (AGVT, AGST,
AGLT-8%). River (RIVR) and residential built-up area (RESI) covers the least portion (~1%)
of the total area. It can be seen from Figure 2b that hard rock mass in mountainous terrain
(RockRock) covers a significant part (~33%) of the basin while inceptisols with loamy
sand texture (IncSand) covers about 21% of the basin area. Gelic leptosols with rocky
texture (LpiRock-13%) and gelic leptosols with loamy skeletal texture (LpiSkel-10%) are
also found in different parts of BRB. Entisols with sandy texture (EntSand-7%), spodosols
with sandy texture (SpoSand-5%), inceptisols with loamy texture (IncLoam-3%), alfisols
with loamy texture (AlfLoam-3%) and eutric leptosols with rocky texture (LpeRock-3%)
are also found in small patches. Inceptisols with loamy skeletal texture (IncSkel-1%), eutric
leptosols with sandy texture (LpeSand-1%), entisols with loamy skeletal texture (EntSkel-
0.5%), haplic luvisols with loamy texture (LvhLoam-0.4%), mollisols with sandy texture
(MolSand-0.2%), leptosols with loamy texture (LpLoam < 0.1%), leptosols with loamy

https://data.tpdc.ac.cn/
www.earthexplorer.usgs.gov
http://www.isric.org/data/data-download
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skeletal texture (LpmSkel < 0.1%) and entisols with loamy texture (Entloam < 0.1%) are
found in traces.
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2.3. SWAT Model

The Soil Water Assessment Tool (SWAT model) is a continuous-time, semi-distributed,
process-based river basin simulation model operating on a daily or sub-daily time
steps [68–70]. The basin is partitioned into a number of subbasins. Each sub-basin is
further discretised into a number of hydrologic response units (HRUs), which are unique
combinations of soil-landuse-slope exceeding a certain user defined threshold. Processes
are simulated at HRU level and aggregated for each sub-basin, which are then routed
through the river system using the variable storage or Muskingum method. SWAT facil-
itates an assortment of parameters defined at HRU, subbasin or basin level. The SWAT
model simulates the various hydrological processes occurring in the river basin based on
water balance within the basin as given by Equation (1).

SWt = SW0 +
t

∑
i=1

(Rday − Qsurf − Ea − Wseep − Qgw) (1)

where SWt is the final soil water content (mm), SW0 is the initial soil water content (mm), t
is the time in days, Rday is the amount of precipitation on day i (mm), Qsurf is the amount
of surface runoff on day i (mm), Ea is the amount of evapotranspiration on day i (mm),
Wseep is the amount of water entering the vadose zone from soil profile on day i (mm), Qgw
is the amount of return flow on day i (mm).

SWAT uses the climate data from the station nearest to the centroid of each sub-
basin. A given precipitation is classified as solid (snow) and liquid (rainfall) based on a
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user-defined threshold value of mean air temperature. Snow melts when the maximum
temperature on a given day exceeds the user defined threshold level. In snow covered
areas, a fraction of the estimated daily potential evapotranspiration occurs by sublimation.
Evaporation from soils and plants is computed separately by the model. Details of the
SWAT model can be found in [30,70,71].

2.4. Model Setup and Simulation

The BRB was divided into 16 sub-basins and five slope classes (0–30, 30–50, 50–70,
70–90 and >90 percent). A threshold value of 10% each for land use and land cover, soil
(Figure 2) and slopes were used to divide the subbasin into unique 344 HRUs. Further, to
account for orographic effects, we generated 500 m range elevation band in each sub basin.
The methodological framework for model setup and simulation is given in Figure 3.
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Figure 3. Methodological framework for application of SWAT hydrological model.

Precipitation and temperature data were fed into the model. Having a large number of
missing flow data of years 2013 and 2014 at Arughat station and having 30 years [19,72–74]
of relatively better data before 2013, observed flow data of Arughat station from 1981–2012
were used in the study. A warm up period (to stabilize the model initially) of 2 years (1981–
1982) was excluded from the analysis. The model was calibrated using 20 years (two-thirds)
of the study period (1983–2002) and validated using the remaining one-third i.e., 10 years
(2003–2012). Based on the modeling experience in Nepalese basins and judgement of the
study team, manual method was used for calibrating the model.

Surface runoff was estimated by the SCS curve number (SCS-CN) [75] method. The
potential evapotranspiration was computed using Hargreaves method [76]. The computed
runoff from each sub-basin was routed through the river network to the main basin outlet
by using variable storage method.

Performance Evaluation Criteria

Moriasi et al. [77] has discussed various graphical and statistical model evaluation
techniques. Among them, three well-established statistical indicators: Nash–Sutcliffe effi-
ciency (NSE), percent bias (PBIAS), and ratio of the root mean square error to the standard
deviation of measured data (RSR) were used in this study for model evaluation [69,77,78].
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In addition to these three, Kling Gupta efficiency (KGE) prescribed by [79–82] has also been
used for the purpose of evaluation.

Nash–Sutcliffe efficiency (NSE) is a normalized statistic that determines the relative
magnitude of the residual variance (“noise”) compared to the measured data variance
(“information”). NSE indicates how well the plot of observed versus simulated data fits
the 1:1 line [83]. NSE is computed using Equation (2):

NSE = 1 −
[

∑12
i=1(Q0i − Qei)

2

∑12
i=1
(
Q0i − Qo

)2

]
(2)

where, Q0i and Qei are respectively observed and estimated discharge of day i, Q0 is the
mean of the observed discharges. The optimum value is 1.0, with higher value indicating
better model performance.

Percent bias (PBIAS) measures the average tendency of the simulated data to be larger
or smaller than their observed counterparts. The optimal value of PBIAS is 0.0, with low-
magnitude values indicating accurate model simulation. Positive values indicate model
underestimation bias, and negative values indicate model overestimation bias [77]. PBIAS
is, generally, expressed in percentage and is calculated using Equation (3).

PBIAS =
∑n

i=1 Vo − ∑n
i=1 Ve

∑n
i=1 Vo

% (3)

where Vo and Ve are respectively the observed and simulated volumes of water for day i.
The root mean square error (RMSE) and the standard deviation of observed flow (σo)

can be expressed as a ratio (RSR). It is commonly accepted that the lower the RMSE the
better the model performance. RSR varies from the optimal value of 0, which indicates
zero residual variation and therefore perfect model simulation, to a large positive value
that indicates poorer model performance [77]. RSR is calculated using Equation (4).

RSR =
RMSE
σo

=

√
∑ (Qoi − Qei)

2√
∑
(
Qoi − Qo

)2
(4)

The Kling–Gupta efficiency (KGE) that incorporates correlation, variability bias and
mean bias [80] is increasingly used for model calibration and evaluation. It is expressed
using Equation (5).

KGE = 1 −

√√√√(r − 1)2 +

(
σe

σo
− 1
)2

+

(
Qe

Qo
− 1
)2

(5)

where, r is the correlation coefficient between the observed and simulated flows, σo and σe
are standard deviations of observed and simulated flows respectively.

3. Results
3.1. Observed Rainfall-Runoff Characteristics

Long term monthly average precipitation and observed flow (1983–2012) based on
Department of Hydrology and Meteorology (DHM) at Arughat gauging station is depicted
in Figure 4. The figure shows that the flow closely follows the precipitation pattern of the
basin. Long term annual basin precipitation has been calculated as 1301 mm (maximum
278 mm in July and minimum 11 mm in November). Similarly, the long-term average and
standard deviation of the monthly flows are 163 m3/s and 156 m3/s, respectively.
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3.2. SWAT Model Performance

The SWAT model was calibrated and validated manually for a simulation period of
30 years (1983–2012). The 15 most sensitive parameters were selected for calibration. The
final adopted values of the parameters (in alphabetical order) are shown in Table 2. It can
be seen that two different sets of parameters directly influence the surface runoff (CN2 and
OV_N) and lateral flow (LAT_TIME and SURLAG) whereas five parameters (ALPHA_BF,
GWDELAY, GWQMIN, SOL_AWC and SOL_Z) impact the baseflow from the basin. It
is interesting to note that there are six snow related parameters (snowfall temperature
(SFTMP), snowmelt temperature (SMTMP), snow cover (SNOCOVMX), degree-day factors
(SMFMX, SMFMN) and temperature lapse rate (TLAPS)) which are used to calculate the
snow component of the total flow. Thus, it is seen that the basin demonstrates a high degree
of complexity among the different interacting components of the hydrological cycle.

Table 2. Selected SWAT parameters and their calibrated values.

Parameter Unit Final Value Allowable
Range *

Impacted
Component of

Flow

ALPHA_BF day 0.01 0–1 Baseflow
CN2 50–93 35–98 Surface runoff

GW_DELAY day 55 0–500 Baseflow
GWQMIN mm 200 0–5000 Baseflow
LAT_TIME day 18 0–180 Lateral flow

OV_N s/m1/3 0.5 0.01–0.41 Surface runoff
SFTMP ◦C 4.5 −5–5 Snow

SMFMN mm/◦C/day 2.5 1.7–6.5 Snow
SMFMX mm/◦C/day 4.5 1.7–6.5 Snow
SMTMP ◦C 2.5 −5–5 Snow

SNOCOVMX mm 400 0–1.0 Snow
SOL_AWC mm/mm 0–0.3 0–1.0 Baseflow

SOL_Z mm 0–50 0–3500 Baseflow
SURLAG day 0.1 1–10 Lateral flow
TLAPS ◦C/km −6.5 −10–10 Snow

* Reference [84].

Simulated and observed hydrographs for the calibration and the validation periods at
Arughat on daily and monthly time steps are shown in Figure 5. The mean and standard
deviation of the observed (and simulated) flows are 168 (170) m3/s and 167 (168) m3/s,
respectively for the calibration period and 154 (181) m3/s and 163 (180) m3/s, respectively
for the validation period (Table 3). It can be seen from Figure 5 that the model simulates the
flow pattern very well and the hydrographs are in good agreement with the rainfall pattern
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at daily and monthly timescales even for this length of time (20 years for calibration and
10 years for validation). It is also evident from the scatter plots of simulated vs. observed
daily flows of these periods (Figure 6a,b). The difference in cumulative volume between the
simulated and observed flow is very small for the calibration period (Figure 6c), however,
the model has over-estimated the flow in the validation period (Figure 6d).
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Table 3. Model calibration and validation statistics at Arughat station in daily timestep.

Statistic
(Years)

Mean Flow
(m3/s)

Standard Deviation
(m3/s) Performance Indicators

Observed Simulated Observed Simulated NSE PBIAS RSR KGE

Calibration
(1983–2002) 168 170 167 168 0.78 −1.46% 0.47 0.89

Validation
(2003–2012) 154 181 163 180 0.81 −17.1% 0.44 0.79

Entire
Simulation
(1983–2012)

163 174 166 172 0.79 −6.38% 0.46 0.88
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The NSE, PBIAS, RSR and KGE values for the calibration period are, respectively,
0.78, −1.46%, 0.47 and 0.89. Similarly, for the validation period, the values of NSE, PBIAS,
RSR and KGE are 0.81, −17.1%, 0.44 and 0.79, respectively (Table 3). Based on the criteria
prescribed by [77,80], all these indices fall in the ‘very good’ category except PBIAS in the
validation period (‘satisfactory’ range). The graphical comparison (Figures 4–6) and the
performance rating (Table 3) show that the SWAT model is well calibrated and validated
for the BRB at Arughat.

The monthly flows, both observed and simulated, for the period 1983–2012 are de-
picted in Figure 5b. The model performance parameters for monthly flows are 0.88 (NSE),
−6.5% (PBIAS), 0.35 (RSR) and 0.91 (KGE). The graph and the performance statistics show
that the calibrated SWAT model is capable of simulating the monthly flows well which is
required for water availability studies in the BRB.

3.3. Additional Validation of SWAT at Supplementary Stations

Previous studies, e.g., [25,85] have used multi-site approach to calibrate the SWAT
model. In the current study, the model is calibrated at a single point and validated
at three supplementary points upstream and downstream of Arughat: (i) intake site
of Budhigandaki KA (BG KA), (ii) intake site of Budhigandaki KHA (BG KHA) and
(iii) 1200 MW Budhigandaki Hydroelectric Project (BGHEP) dam site (see Figure 1). It is to
be noted that the study team carried out rigorous discharge measurements and prepared
rating curves at these three locations during 2009–2010 (BG KA and BG KHA) and 2013–
2014 (BGHEP damsite) which has been used for the additional validation. The results of
the validation have been shown in Figure 7. The NSE, RSR, PBIAS and KGE values for
BG KA are 0.66, 0.58, 21% and 0.59 and 0.58, 0.65, 13% and 0.54 for BG KHA, respectively.
Similarly, their respective values for the BGHEP damsite are 0.91, 0.31, 7.88% and 0.81.
As per the rating criteria by [77,80], the model performance is “very good” at the BGHEP
dam site, “good” at BG KA and “satisfactory” at BG KHA. This independent validation
at supplementary sites reveals that the calibrated model at Arughat can simulate the flow
well for the Budhigandaki Basin up to the Trishuli confluence, although the performance is
better in the downstream reach compared to the upstream reach.
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3.4. Flow Duration Curve

The flow-duration curve (FDC) is a probability discharge curve that shows the percent-
age of time in which a particular flow is equaled or exceeded [1]. FDC was prepared from
the observed as well as simulated daily flow data at Arughat (Figure 8a). From the figure,
it can be seen that the magnitude of the observed flows at 10%, 40% and 90% exceedance
probabilities are 431, 118 and 29 m3/s respectively. Similarly, the exceedance probabilities
are respectively 453, 126 and 39 m3/s for simulated flows. This indicates that the fractional
difference between the corresponding values of the two flow-series are 5%, 7%, and 33%,
respectively. The relationship between the simulated and observed values at 10 percentile
exceedance intervals are plotted in Figure 8b. A very good linear correlation is found
between these two series as indicated by the R2 value of 0.998.
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3.5. Water Balance of the Budhigandaki Basin

Monthly water balance of the BRB is shown in Figure 9. The figure depicts the distri-
bution of water balance components, namely, precipitation (P), actual evapotranspiration
(AET) and the net water yield (WY) of the study basin. The WY refers to the total flow
coming as surface runoff, lateral flow, and groundwater flow minus transmission losses
and pond abstractions [30]. Change in storage is defined as ∆Storage = −[(Precipitation (P)
− Net Water Yield (WY) − Evapotranspiration (ET)]. It implies that if P > (WY + ET), the
excess water infiltrates and is stored, as soil moisture and GW storages, of the basin. On the
other hand, if (WY + ET) > P, the water deficit is met by soil and GW storages of the basin.
For example, in January, some water is released from the basin to meet the WY and ET
while it is stored in the soil and GW storage in July. It is noted here that ∆storage accounts
for model errors too. It can be seen from the results that precipitation across the SWAT
sub-basins varies from less than 700 mm (leeward side of northern Trans-Himalayan region)
to above 2500 mm (foothills of the Himalayas). The average annual precipitation over the
entire basin is 1528 mm. Here precipitation has been taken as the sum of annual rainfall
and snowmelt (318 mm). The percentage of precipitation falling in pre-monsoon, monsoon,
post monsoon and winter are respectively 16%, 74%, 4% and 6% of the total annual value.
The average annual AET over the basin is 402 mm while WY is 1010 mm. The WY is
about 56% during monsoon (June–September) while it is only 28% and 9% in pre-monsoon
(March–May) and post-monsoon (October and November) seasons, respectively. It is only
7% of the total annual volume for the winter season (December–February). Delta storage
for the entire simulation period has been calculated to be around 8%.
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4. Discussion

In the BRB, the monsoon season (June–September) contributes approximately 74%
of the total annual flow while the flow during the other eight months is only 26%. The
highest flow occurs in August (23% of the total annual flow) while the lowest flow occurs
in February (1.5%). The fractional difference between these two months was calculated
to be more than 15, showing high runoff variability in the study basin. This value is
comparable with other large and medium size basins of Nepal, for example, West Seti,
Karnali, Trishuli, Narayani, Dudhkoshi and Sapta Koshi. The fractional differences of
these basins range from 13 (West Seti at Gopighat and Sapta Koshi at Chatara) to 18
(Dudhkoshi at Rabuwa); flow contribution in monsoon season ranges from 72% to 77%,
respectively. Furthermore, the low flow contribution is relatively higher in Karnali, West
Seti and Saptakoshi (approximately 2%) while this is less than 1.5% in Dudhkoshi. It is
interesting to note that low flow contribution is higher in the basins with a significant
drainage area of Tibet and lying in the western part of Nepal.

The SWAT model was calibrated using 20 years (two-thirds) of the study period
(1983–2002) and validated using the remaining one-third 10 years (2003–2012) which is
comparable with the time period taken by [24]. The performance indices of this study
are found better or comparable to similar studies carried out in other Nepalese basins.
For example, for Chameliya, Karnali, Bheri, Kaligandaki, Indrawati, Tamakoshi, Arun
and Tamor basins of Nepal, NSE (and PBIAS) values are respectively 0.75 (+5.1%), 0.84
(−14.2%), 0.70 (−4.4%), 0.78 (−4.0%), 0.72 (-), 0.76 (−1.7%), 0.81 (−6.8%) and 0.85 (+4.3%)
for calibration period while these values are 0.65 (-9.3%), 0.84 (−15.4%), 0.71 (−8.9%), 0.8
(+9.6%), 0.87 (-), 0.84 (+5.2%), 0.58 (+24.6%) and 0.89 (+5.5%) respectively for validation
period [25,40,45,47,51,85–87]. Similarly, NSE (and PBIAS) values of Gilgelabay basin of
Ethiopia, Gurupura basin of India and Tizinafu basin of Western China were found to
be respectively 0.69 (+4.8%), 0.83 (+17.5%) and 0.71 (+5.79%) for calibration period while
these values for validation period were 0.68 (+4.9%), 0.85 (−3.9%) and 0.64 (−18.0%),
respectively [88–90]. Moreover, [42] used SWAT model to simulate five glacierized moun-
tain river basins of the world that includes the Narayani (Nepal), Vakhsh (Central Asia),
Rhone (Switzerland), Mendoza (Central Andes, Argentina), and Chile (Central Dry Andes,



Water 2021, 13, 1546 14 of 19

Chile). The magnitudes of the statistical indicators of NSE, RSR and PBIAS of our study
are comparable with this study.

Even though the model has simulated the flow very well in general, it has underes-
timated the high flow in some cases (e.g., 1992, 1993, 1999, 2000) while overestimated in
some other cases (e.g., 1986, 2008) (Figure 5). The hydrographs in Figure 7a,b show the
extended validation results which are based on the primary data collected at BG KA and
BG KHA intake sites by the study team during 2009–2010. Figure 7c shows the simulated
and observed hydrographs at BGHEP damsite for the year 2013–2014. The reference hy-
drological station (Arughat) is a few kilometers downstream and upstream from these
points. It is to be noted here that the time of simulation for the Figure 7a–c are different.
Data for the years 2013 and 2014 are not available at Arughat station for direct comparison.
Nevertheless, it can be seen from Figure 5 that the flows for the years 2010, 2011 and 2012
are also overestimated by the model which is very much similar to the condition shown by
Figure 7a,b. Further, the simulated flow data series in Figure 7c follows the precipitation
pattern and as a result, the simulated hydrograph can be considered to be reasonable,
although underestimated from the observed data. It is worth mentioning here that a longer
simulation and observation period would add more confidence in the model performance
at these locations. There are various factors that cause the difference in the observed and
simulated flows that can be grouped into observation errors and model errors. Observation
errors are attributed to (i) error in precipitation (human error while reading precipitation
and instrumental error); (ii) inadequate rain-gauge stations to capture the spatial variation
of precipitation including windward/leeward effect; (iii) error in water level reading;
(iv) use of extrapolated stage-discharge relationship while calculating higher and lower
flows; and (v) possible combinations of above [61,73,91–94]. In addition to observation
errors discussed above, inherent limitations of SWAT flow calculation modules also affect
simulated flows. Similarly, resolution of the DEM, land use and land cover, and soil types
are only approximations of the real system. The differences between the observed and
simulated flows at short timespans are found to be more compared to the long-term values.
Despite these differences, the long-term values of the simulated and observed flows and
their statistics are highly comparable.

In a water resources project, FDC is a useful tool to know the dependable flow while
planning and designing engineering structures. For the BRB, the fractional difference
between the simulated and observed low flows is seen to be high. However, the difference
in the absolute values of the flows is considerably less compared to the high flows. Twenty-
eight percent of the Budhigandaki River Basin is covered with snow and less than one
percent (315 km2) is covered with glaciers. In the upper subbasins, the contribution of the
glacier melt might affect the total runoff to some extent [95–98] whereas our area of interest
lies in the lower part of BRB near Arughat (elevation 540 masl), where the contribution of
glacier melt is insignificant in the total runoff. Past studies have modeled glacier melt in
high altitude catchments above 3000 masl (for e.g., [95,97]) in which the calibration stations
are also located in high elevations (Langtang at 3670 masl; catchment area 353 km2).
Furthermore, from these studies it can be seen that the annual runoff quantified at the
reference stations is around 9 m3/s while it is about 160 m3/s at Arughat. Thus, even a small
contribution from glacier melt will have a huge impact on the high elevation stations while
it will be less considerable at stations lying in lower elevations. There is some contribution
of snowmelt flow during the pre-monsoon period whereas the base flow contribution is
more in post monsoon period. It is to be noted that the precipitation contributes to net
storage from May to September (wet period) and the storage depletes during most of the
dry period from October to April. This causes the percentage of precipitation contribution
to net water yield to be smaller during the monsoon period than the other three periods.

5. Conclusions

This study discretized the BRB into 16 sub-basins and 344 HRUs and developed a
hydrological model in SWAT to characterize spatial and temporal distribution of water
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availability. Calibration and validation of the model was carried out at Arughat using
daily flow data of 20 years and 10 years respectively. Even in such a long duration, the
model performed well and was ranked “very good”. In addition to the conventional
method of validation at the calibration station, this study further carried out validation at
three supplementary points (two upstream and one downstream) at which the study team
collected primary river flow data and prepared rating curves. Results of the supplementary
validation further added confidence to the model performance.

This study estimated the mean annual flow at BRB outlet to be 240 m3/s with annual
precipitation 1528 mm and AET approximately 26% of the precipitation. However, distinct
seasonal variability is noted in the basin with precipitation varying from 67 mm (post-
monsoon) to 1122 mm (monsoon), AET from 28 mm (winter) to 225 mm (monsoon), and
WY from 92 mm (winter) to 670 mm (monsoon). The monsoon season contribution is 73%,
56%, and 66% in the average annual precipitation, AET, and WY, respectively in the BRB.
Snowmelt contributes 20% of the total flow at the basin outlet during the pre-monsoon
period and 8% in the post monsoon period. The magnitude of the simulated flows at 10%,
40% and 90% exceedance probabilities are 453, 126 and 39 m3/s respectively indicating
high energy generation potential.

This study provides additional evidence to the SWAT diaspora of its applicability to
simulate the rainfall-runoff characteristics of complex mountainous basin. Furthermore,
the spatial and temporal variability in the available water of the BRB was estimated. The
findings will be useful for hydrologists and planners in general to utilize the available
water rationally in the times to come and particularly, to harness the hydroelectric potential
of the basin.
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Abstract 
Water resource is required for agricultural, industrial, and domestic activities 
and for environmental preservation. However, with the increase in popula-
tion and growth of urbanization, industrialization, and commercial activities, 
planning and management of water resources have become a challenging task 
to meet various water demands globally. Information and data on streamflow 
hydrology are, thus, crucial for this purpose. However, availability of meas-
ured flow data in many cases is either inadequate or not available at all. When 
there is no gauging station available at the site of interest, various empirical 
methods are generally used to estimate the flow there and the best estimation 
is chosen. This study is focused on the estimation of monthly average flows 
by such methods popular in Nepal and assessment of how they compare with 
the results of hydrological simulation. Performance evaluation of those me-
thods was made with a newly introduced index, Global Performance Index 
(GPI) utilizing six commonly used goodness-of-fit parameters viz. coefficient 
of determination, mean absolute error, root mean square error, percentage of 
volume bias, Nash Sutcliff Efficiency and Kling-Gupta Efficiency. This study 
showed that hydrological modeling is the best among the considered methods 
of flow estimation for ungauged catchments. 
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1. Introduction 

Water resources is required to perform agricultural, industrial, and domestic ac-
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tivities and for environmental preservation [1]. With the increase in population 
and accelerated growth of urbanization, industrialization, and commercial de-
velopment, demand for water resources of sufficient quantity and quality will 
continue to increase [2] [3] [4]. The design of all water related structures such as 
dams, highway bridges, embankments, among others, consists of three basic 
components: hydrologic design, hydraulic design and structural design. Hydro-
logic design deals with the estimation of the quantities of water to be handled at 
the site of the structure in terms of time distribution, time of occurrence and 
frequency of occurrence [5]. Streamflow time series is, therefore, one of the most 
important data required for the effective water resource planning and manage-
ment at both local and national scales [6]. However, availability of measured 
flow data in many cases is either inadequate or not available at all [7] [8]. Such 
situations create challenges not only for the optimal use of water resources in 
ungauged river basins for various development works like domestic water supply 
and sanitation, irrigation, hydropower etc. but also in flood control works [9] 
[10]. Underestimation of the flows could lead to rejection of attractive projects 
whereas overestimation could have huge implications on the physical infra-
structure and overall economic feasibility of the projects [4] [11]. Accurate flow 
estimates are, therefore, necessary at these basins where water resources projects 
are developed.  

Although the global scientific community has put substantial efforts to resolve 
the issue of flow estimation in ungauged basins/sites, a universal solution me-
thod is not available till date [12]. Various methods are found in use in different 
parts of the world to deal with this issue. One of the oldest methods of generat-
ing flow data is the use of regression equation/s developed at the regional level 
[7] [13] [14] [15]. Razavi and Coulibaly [6] reviewed regional methods and hig-
hlighted that those methods making use of different combinations of physio-
graphic information and meteorological attributes, among others, were found to 
predict streamflows in ungagged basins/sites better. They listed catchment area, 
elevation, slope of basin, rainfall and temperature as the main parameters used 
in those methods. Another popular method is transposition of gauged stream-
flow data to ungauged sites. One of them is the Drainage Area Ratio (DAR) me-
thod [16] [17]. It is based on the assumption that the streamflow at the un-
gauged site can be estimated by multiplying the ratio of the drainage area for this 
site and the drainage area for the gauging site by the streamflow of the gauging 
site [17]. As it needs only catchments areas and the observed streamflow of the 
gauged station, it is considered one of the easiest methods of flow prediction and 
therefore popularly used in the past [16]. One of the variants of the DAR method 
is MDAR (Multiple gauging stations Drainage Area Ratio). In the MDAR me-
thod, the weighted sum of more than one streamflow gauging stations is used to 
estimate the flow at the site of interest [18]. Incorporating the basin rainfall ratio 
of the ungauged basin to the gauged one as a multiplier to the DAR method has 
been considered as an improved version of the DAR method [17] [19]. This me-
thod can be called as a General Transposition (GT) method.  
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Hydrological simulation method is a numerical method in which a hydrologic 
model, a simplified software representation of the natural rainfall-runoff process 
within a catchment boundary, is used to generate streamflow data at the site of 
interest with known meteorological data. The hydrological model is first cali-
brated and validated at a gauged basin and then the model parameters are used 
appropriately at other ungauged sites within the modeling domain to simulate 
the flows using the calibrated model [8] [20]. Usually, several statistical indica-
tors as well as visual inspection of the results (hydrographs and the water bal-
ance distribution in particular) are relied upon to determine the performance 
capacity and robustness of the model.  

Since the simulation of the entire hydrologic cycle became a reality by Stan-
ford Watershed Model as reported by Crawford and Linsley in 1966, modeling at 
large spatial scales and at small temporal scales [21] became possible with the 
recent development in hardware and software capabilities at an exponential rate 
in the last few decades [22]. Being able to use precise satellite data such as preci-
pitation in hydrological models has further improved the performance and thus 
the overall applicability of hydrological models considerably around the globe. 
In recent years, application of hydrological models is becoming popular in Nep-
al, for assessment of water availability, planning purposes and to examine the 
impact of climate change in river hydrology [10] [23]-[28]. However, they are 
confined mainly to academic research studies. When the world is utilizing artifi-
cial intelligence as part of a data-driven approach to assist watershed modeling 
for stream flow generation [29], most of the project level studies in Nepal are 
still using coarse conventional methods in ungauged sites in Nepal, especially in 
the study of hydropower projects of different scales [19] [30] [31] [32]. As an 
awakening step, SWAT (Soil and Water Assessment Tool), a public domain hy-
drological model and capable for hydrological modeling in Nepalese catchments 
[23] [26] [27] [33] was used to estimate the flow at ungauged sites in this study 
and compared with other commonly used methods viz.WECS/DHM1990, 
NEA1997, DHM2004, DAR and its variant GT methods.  

The Budhigandaki River Basin (BRB) of Nepal was chosen for the study. Six 
popular performance evaluation parameters viz. coefficient of determination (R2), 
Mean Absolute Error (MAR), Root Mean Square Error (RMSE), Percentage of 
Volume Bias (PBIAS), Nash Sutcliff Efficiency (NSE) and Kling-Gupta Efficien-
cy (KGE) [16] [34] were used to evaluate the considered flow estimation me-
thods in this study. Global Performance Index (GPI) was introduced for overall 
evaluation of flow estimation methods. The assessed flow estimation methods in 
Nepal were ranked based on the GPI value. It was found that hydrological simu-
lation ranked the best among the considered methods. 

2. Study Area 

The Budhidgandaki River Basin (BRB) is situated in the central part of Nepal, 
between 27˚50' and 29˚00'N latitudes and 84˚30' and 85˚10'E longitudes (Figure 
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1). It has an elongated shape with its main axis oriented north-south. Its length 
is about 113 km while the width is in the range of 15 and 30 km. The basin ele-
vations range from 315 masl at Budhigandaki-Trishuli confluence to 8163 me-
ters above sea level (masl) at Mount Manaslu (8th highest peak) of the world 
[35] with a mean basin elevation of 3723 m. The basin area, thus, falls in two 
physiographic regions; Middle Mountains and the Himalaya [36]. It is a part of 
the Narayani drainage system, bordered in the north by the vast Tibetan Plateau, 
in the south and east by the Trishuli River basin and in the west by the Mar-
syangdi River basin.  

The reference flow gauging station is at Arughat (Department of Hydrology 
and Meteorology, DHM station #445) which is at an elevation of 485 masl. The 
catchment area of the BRB at this station is 3863 km2 while it is 4985 km2 for 
Budhigandaki-Dam site (Figure 1).  

3. Theoretical Background 

When any water resources development project is planned and implemented in 
an ungauged catchment, different methods are generally used to estimate the 
flow at the project sites. Among them, one set of values are chosen for the design 
purpose based on the prevailing site conditions and judgment of the hydrologist. 
The most popular methods used in the estimation of mean monthly flow at un-
gauged sites are given below. 
 

 
Figure 1. Location Map of the Budhigandki River Basin  
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3.1. Hydrological Simulation Method 

Hydrological models have been broadly categorized depending on their spatial 
discretization (lumped, semi-distributed, fully-distributed), period of simulation 
(event-based or long term) and other complexities associated with the data re-
quirement, governing equations and licensing issues. There is no doubt that they 
are gaining popularity in recent times. HEC-HMS, SWAT, MIKE SHE, MIKE 
NAM and VIC, among others, are some popular hydrological models used global-
ly for assessing flows [29]. SWAT (Soil and Water Assessment Tool) model capa-
ble of simulating the hydrological process satisfactorily in Nepalese catchments 
[23] [26] [27] [33] was used for simulating the flows of the BRB in this study. 

SWAT is a process-based semi-distributed hydrological model that is capable 
of simulating the impact of land management practices on flow, sediment and 
agricultural chemical yields in basins with varying soils, land use and manage-
ment conditions [37]. Conceptually, SWAT divides a basin into sub-basins and 
further into Hydrological Response Units (HRUs). An HRU is a unique combi-
nation of land use, topographical and soil characteristics in a sub-watershed. 
SWAT simulates hydrology, vegetation growth and management practices at the 
HRU level [26]. SWAT simulates the hydrologic cycle based on the water bal-
ance equation as expressed in Equation (1). 

0 1
t

t day sur a seep gwiSW SW R Q E w Q
=
  = + − − − −∑              (1) 

where: 
SWt is final soil water content (mm); SW0 is initial soil water content on day i 

(mm); t is time (day); Rday is amount of precipitation on day i (mm); Qsur is 
amount of surface runoff on day i (mm); Ea is amount of evapotranspiration on 
day i (mm); wseep is amount of water entering into the vadose zone from the soil 
profile on day i (mm) and Qgw is amount of return flow (from groundwater) on 
day i (mm). 

3.2. WECS/DHM 1990 Method 

The Water and Energy Commission Secretariat (WECS) and Department of 
Hydrology and Meteorology (DHM), Government of Nepal (GoN) [13] pro-
posed a regression equation to estimate the long term mean monthly flow at an 
un-gauged site given in Equation (2). 

5 MWImean total kQ CA Aα β γ
<⋅ ⋅=                    (2) 

where, Qmean is the mean monthly flow (m3/s); Atotal is the total catchment area 
(km2); A<5k is catchment area below 5000 masl elevation (km2); MWI is monsoon 
wetness index (total rainfall of the catchment from June to September in mm); C 
is a regression constant; and α, β and γ are constants derived from the regression 
analysis for each month (supplementary, S-1). 

3.3. NEA 1997 Method 

Nepal Electricity Authority (NEA), GoN proposed another regression based 
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method to estimate the mean monthly flow for an un-gauged site [30]. It is given 
in Equation (3)  

MWImean totalQ CAα γ⋅=                       (3) 

where, constants C, α and γ for this method are given in S-2  

3.4. DHM 2004 Method 

The DHM developed Equations (4a and 4b) for the estimation of monthly flow 
[14]. For some months logarithmic transformation gave a better estimate while 
in the other months square root transformation performed better. Monthly flow 
estimation equation with logarithmic transformation takes the following form: 

( ) ( ) ( )3exp ln AvgElev ln AWI lnmean kQ C Aε ρ µ < = + ⋅ + ⋅ + ⋅       (4a) 

Monthly flow estimation equation with square root transformation takes the 
following form: 

2

5mean kQ C Aδ <= + ⋅ 
                      (4b) 

where, AvgElev is average elevation of the catchment (masl); AWI is annual 
wetness index (mm); A<3k is catchment area below 3000 masl elevation (km2); 
and ε, ρ, μ and δ are the constants derived from regression analysis; their values 
are given in S-3. For March, April and May, square root transformation is better 
while for the other months, logarithmic transformation gives better estimates 
[14]. 

3.5. Drainage Area Ratio (DAR) Method 

The DAR method is a simple method based on the assumption that the specific 
discharge calculated using the data from a flow gauging station remains constant 
within the basin [16] [17]. It is expressed as in Equation (5). 

-
gs

e site site
gs

Q
Q A

A
=                          (5) 

where Qe-site is the estimated flow at the site of interest (m3/s); Qgs is the observed 
flow at gauging station (m3/s); Ags and Asite are the catchment areas (km2) at the 
gauging station and site of interest respectively.  

3.6. General Transposition (GT) Method 

The GT method can be considered as an improved version of the DAR method, 
as it accounts the rainfall in addition to the drainage area. Although different 
variations of this method are found in application [19] [31], a simple form given 
in Equation (6) has been used in this study. 

-
-

-

gs avg site
e site site

gs avg gs

Q P
Q A

A P
=                       (6) 

where Pavg-site and Pavg-gs are the annual average precipitation values (mm) of the 
basin up to the site of interest and the gauging station respectively. 
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4. Data Collection and Analysis 

Spatial data (digital elevation model, land use land cover map and soil map) and 
hydro-meteorological time series data (temperature, rainfall and discharge) are 
required for this study. The collected data types and their use are given in Table 
1. The Digital Elevation Model (DEM) and soil map were downloaded from 
Shuttle Radar Topography Mission (SRTM) and SOTER soil map site respec-
tively while Land Use and Land Cover (LULC) Map was obtained from Interna-
tional Center for Integrated Mountain Development (ICIMOD), Nepal, De-
partment of Water Resources and Irrigation (DoWRI) and district soil map of 
Nepal Agriculture Research Council (NARC). Precipitation, maximum and min-
imum temperature and discharge of Budhigandaki river at Arughat (#445) was 
collected from the Department of Hydrology and Meteorology (DHM), GoN 
while discharge at Budhigandaki Hydroelectric Project (BGHEP) dam site was 
collected from BGHEP project office. Data collected by the BGHEP for two years 
during the feasibility study was only available at this site.  

Total catchments area, area below 3000 masl and 5000 masl of Arughat gaug-
ing station and Budhigandaki Hydro-Electric Project (BGHEP) dam site were 
calculated using GIS. Annual wetness indexes, monsoon wetness index for the 
basin area were calculated from the available daily rainfall data. Mean monthly 
values of the observed flows of Arughat gauging station and BGHEP dam site 
were calculated from the available daily flow data.  

The hydrological model was setup and calibrated using ArcSWAT and used to 
simulate the flow in the BRB. Model development was carried out by generating 
the river networks and sub-basins using the 30 m × 30 m SRTM DEM. Hydro-
logical response units were generated from land use land cover, soil maps, and 
by providing slope ranges. The model was calibrated (1983-2002) and validated 
(2003-2012) at Arughat using 30 years flow data. However, simulation was done 
up to 2014 to see how the model performed at BGHEP dam site lying down-
stream of Arughat station (Figure 2). The model simulated flows were extracted 
at Arughat (1983-2012) and BGHEP dam site (2013-2014) and compared with 
the respective observed data.  

 

 
Figure 2. Hydrological simulation results at BGHEP dam site. 
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Table 1. Data used in the study. 

SN Data Type 
Accessed  

Data/Available Period 
Source Application 

1. Spatial Data 

1.1 
DEM 

(30 m resolution) 
2019 

Shuttle Radar Topography Mission (SRTM) 
DEM data [38] 

Hydrological modeling/regression 
equations 

1.2 LULC Map 2019 [39] Hydrological modeling 

1.3 Soil Map 2019 
Soil and Terrain database system (SOTER) 

soil map of China and Nepal [38] 
Hydrological modeling 

2. Time Series Data 

2.1 
Temperature and  

Rainfall 
1983-2014 

DHM (daily) and Third Pole Environment 
(TPE)—3-hourly [40] 

Hydrological modeling and use in 
flow estimation methods 

2.2 
Daily discharge at  

Arughat #445 
1983-2014 DHM 

Comparison with estimated value and 
to estimate discharge at BGHEP site 

 
Mean monthly flows at Arughat and BGHEP dam site from WECS/DHM 

1990, NEA 1997 and DHM 2004 methods were calculated using the equation 
given in Sections 3.2 to 3.4. Flows were transposed by DAR and GT methods to 
BGHEP dam site using observed monthly average flow data of Arughat station 
and vice versa.  

5. Performance Evaluation 

Performance of the various flow estimation methods explained above was eva-
luated objectively using goodness-of-fit measures by comparing the estimated 
and observed monthly flows. Performance evaluation of considered methods of 
the study at Arughat and BGHEP dam site were made using the following statis-
tical parameters:  

5.1. Coefficient of Determination (R2) 

Coefficient of Determination measures both the strength of the linear relation-
ship between observed and estimated values. It is calculated by Equation (8). 

( )( )
( ) ( )

2

012

2 2

01 1

R
n

i o ei ei

n n
i o ei ei i

Q Q Q Q

Q Q Q Q

=

= =

 
− − 

=  
 − −
 

∑

∑ ∑
             (8) 

where, oQ  = Observed Annual Average Flow (m3/s) 

eQ  = Estimated Annual Average Flow (m3/s) 

0iQ  = Observed monthly average flow of month i 

eiQ  = Estimated monthly average flow of month i 
n = number of data. As number of months are 12, n = 12 in this case. 
The coefficient of determination (R2) is the square of the coefficient of corre-

lation. 
Criteria: Larger the value of R2, better the performance. 
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5.2. Mean Absolute Error (MAE) 

The MAE measures the average of the deviation of the estimated values with re-
spect to the observed ones. It is calculated using Equation (9). 

01

1MAE i e
n

ii Q Q
n =

= −∑                      (9) 

Criteria: Smaller the value of MAE, better the performance. 

5.3. Root Mean Square Error (RMSE) 

The RMSE measures the differences between the estimated and observed values. 
It is given as Equation (10). 

( )1
2 2

0
11RMSE i oi Q Q

n =
= −∑                  (10) 

Criteria: Smaller the value of RMSE, better the performance. 

5.4. Percentage Volume Bias (PBIAS) 

The PBIAS measures the degree of volume biasness between the observed and 
estimated values. It is given by Equation (11). 

1 1

1

PBIAS %
n n

n
o ei i

oi

V V

V
= =

=

−
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∑
                 (11) 

where Vo = Observed total volume 
Ve = Estimated total volume 
Criteria: Smaller the absolute value of PBIAS, better the performance. The 

sign of the PBIAS value shows the direction towards which the estimated result 
is biased: +ve value is an indication of underestimation while −ve value shows 
overestimation. 

5.5. Nash Sutcliff Efficiency (NSE) 

The NSE is a normalized statistic that determines the relative magnitude of the 
residual variance compared to the observed value variance. It is calculated with 
Equation (12). 

( )

( )

212
01

212
01

NSE 1 i eii

i oi

Q Q

Q Q
=

=

 − = −  
−  

∑
∑

                  (12) 

Criteria: Larger the value of NSE, better the performance. 

5.6. Kling-Gupta Efficiency (KGE) 

The KGE is considered as an improvement over the widely used NSE which con-
siders different types of model/estimation errors, namely the error in the mean, 
the variability and the dynamics. The KGE is calculated using Equation (13). 

( )
22

2 -
1

0-

KGE 1 1 1 1e sd e
i
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n

o

Q Q
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Q Q=

  
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where, r = correlation coefficient 
Q0-sd = Standard deviation of observed flow 
Qe-sd = Standard deviation of estimated flow 
Criteria: Larger the value of KGE, better the performance. 

5.7. Global Performance Index 

A total of six performance evaluation criteria of the flow estimation methods are 
discussed above. However, assessment and comparison of the individual evalua-
tion criteria and thus establishing the preference of one criterion over another is 
beyond the scope of this paper. Therefore, all the criteria are treated with equal 
weights while evaluating the overall performance of the flow estimation methods. 
To find the best method, the lowest performing method to the highest perform-
ing method with respect to a given parameter were assigned values from 1 to 6 in 
increments of one. If two/three values are equal, average of the two/three values 
are assigned for both/all of them. For example, if the NSE values calculated for 
Hydro-Sim, WECS1990, NEA1997, DHM2004, DAR and GT methods are 0.97, 
0.67,0.95, 0.67, 0.74 and 0.92 respectively, then the respective numerical values 
these methods get are 6, 1.5, 5, 1.5, 3 and 4. The WECS1990 and DHM2004 me-
thods have equal values of NSE i.e., 0.67, and therefore both these methods are 
assigned 1.5 (average of 1 and 2). The mean value of performance of each me-
thod was then calculated as Global Performance Index (GPI) as given by Equa-
tion (14). 

2R MAE RMSE PBIAS NSE KGE
GPI

6
j j j j j j

j

+ + + + +
=        (14) 

where j represents the estimating method, say, for hydrological simulation me-
thod j = 1 while for DAR method, j = 5.  

Based on the GPI value, the six considered methods are ranked from first to 
sixth such that higher the GPI value, better the method for monthly flow estima-
tion.  

6. Results and Discussion 
6.1. Comparison of Average Flows at Arughat 

The observed and estimated average monthly flows at Arughat gauging station 
are given in supplementary material (S-5) and depicted in Figure 3. Numerical 
figures of Goodness-of-fit of different flow estimation methods are presented in 
Table 2. It is to be noted here that performance evaluation of simulation results, 
WECS/DHM1990, NEA1997 and DHM2004 methods are made with respect to 
long term averages of observed flow (1983-2012: Obs-A) at Arughat. However, 
DAR and GT estimates are compared with the average of two years data 
(2013-2014: Obs-B) at BGHEP Dam site. This limitation is because measured 
data at BGHEP dam site is not available for the other years. It is assumed that 
such difference will have minimum impact on performance parameters. 

Considering the monthly values, R2 is almost the same for all the methods. All 
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the other calculated performance parameters except MAE show that the simu-
lated flows obtained through SWAT hydrological modeling are found closer to 
the observed values. Even for MAE, the calculated value is very close to the NEA 
1997 method. Thus, from the table, the overall performance ranking indicates 
that that hydrological simulation is the best among the methods considered in 
the study to estimate the flows for Arughat at monthly time steps. Further, the 
NEA 1997 and GT methods ranked second and third in terms of performance 
ranking.  

 

 
Figure 3. Comparison of monthly flows at arughat. 

 
Table 2. Performance parameters of estimated methods at arughat. 

Data Length 
Obs-A: 30 years 

(1983-2012) 
Obs-B: 2 years 

(2013-2014) 

Parameters Hydro Sim WECS1990 NEA1997 DHM2004 DAR GT Parameters 

R2 0.98 0.97 0.97 0.96 0.99 0.99 R2 

MAE 21.6 60.6 20.9 61.0 52.4 30.2 MAE 

RMSE 36.6 209.6 65.1 211.4 181.5 104.5 RMSE 

PBIAS −6.4 37.3 11.6 37.6 −39.5 −22.7 PBIAS 

NSE 0.97 0.67 0.95 0.67 0.74 0.92 NSE 

KGE 0.87 0.45 0.81 0.45 0.49 0.72 KGE 

GPI 5.5 2.1 4.8 1.3 3.1 4.3 GPI 

Performance 
Rank 

I V II VI IV III 
Performance 

Rank 

Obs-A: Observed flow data from DHM; Hydro Sim: Simulated flow using SWAT; WECS1990: Flow calcu-
lated using the WECS/DHM-1990 method; NEA1997: Flow calculated using the NEA-1997 method; 
DHM2004: Flow calculated using the DHM-2004 method; DAR: Flow calculated using drainage area ratio 
method; GT: Flow calculated using general transposition method; Obs-B: Observed flow data from BGHP 
at the dam site. 

0

100

200

300

400

500

600

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fl
ow

 (m
3 /

s)

Months

Obs-A Sim

WECS1990 NEA1997

DHM2004 DAR

GT Obs-B

https://doi.org/10.4236/jwarp.2021.133015


S. Marahatta et al. 
 

 

DOI: 10.4236/jwarp.2021.133015 265 Journal of Water Resource and Protection 
 

From the viewpoint of availability of flow for electricity production and de-
mand of the electrical energy, three distinct seasons can be seen in Nepal [19]: 
Dry (December to May), Monsoon (June to September) and Post Monsoon 
(October and November). Seasonal evaluation at Arughat gauging site was also 
done following the methods discussed above to see whether the performance of 
each method differed from the monthly time steps. GPI based ranking in dry, 
monsoon and post-monsoon seasons are presented in Table 3. For dry and post- 
monsoon seasons, the GT and NEA 1997 methods respectively showed the best 
performance while hydrological simulation is next to these methods in both cas-
es. However, its performance is better than the other methods in the monsoon 
season. This is particularly important in most Nepalese catchments where the 
runoff is largely rainfall driven. Based on weighted average GPI, the GT method 
ranks first in overall. Hydrological simulation and NEA 1997 methods rank 
second and third respectively. The remaining three methods are not found satis-
factory in terms of seasonal performance.  

6.2. Comparison of Average Flows at Budhigandaki Dam Site 

The monthly observed and estimated flows by different methods at Budhiganda-
ki Dam site are given in S-6 and shown in Figure 4. Values of the different per-
formance parameters of those methods are presented in Table 4. They clearly 
indicate that the hydrological simulation method is the best by all criteria. The 
GT method ranked second as shown by the respective values while the DAR 
method ranked the last. 

Seasonal performance of these methods at Budhigandaki dam site was also 
analyzed to see if it is consistent with the monthly and annual performance. The 
calculated seasonal GPI of the six performance parameters and its weightage av-
erage are given in Table 5. Although the dry season performance is found better 
for the GT method, hydrological simulation is found better for the other two 
seasons. The weighted GPI is the highest for hydrological modeling which is 
similar to the results of the whole year at this site (Table 4). Based on the overall 
GPI value, the hydrological simulation ranked first, GT the second and NEA 
1997 the last.  

 
Table 3. Seasonal Performance of flow estimation methods at Arughat. 

GPI and Rank Hydro Sim WECS1990 NEA1997 DHM2004 DAR GT 

GPI-Dry Season 3.83 1.50 3.50 3.83 2.92 5.42 

GPI-Monsoon 4.92 2.33 4.58 1.25 3.42 4.50 

GPI Post Monsoon 4.67 3.08 5.58 2.42 1.92 3.33 

GPI-Weighted  
Average 

4.33 2.04 4.21 2.74 2.92 4.76 

Rank II VI III V IV I 
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Table 4. Performance parameters of estimated methods at the budhigandaki dam site. 

Data length 2 years (2013-2014) 

Parameters Hydro Sim WECS1990 NEA1997 Q_DHM2004 DAR GT 

R2 0.99 0.97 0.96 0.95 0.99 0.99 

MAE 38 52 54 51 68 44 

RMSE 69 181 186 176 234 153 

PBIAS 8.39 21.88 22.62 21.26 28.30 18.51 

NSE 0.95 0.89 0.88 0.88 0.85 0.94 

KGE 0.78 0.69 0.67 0.69 0.63 0.76 

GPI 5.83 3.25 2.08 3.17 1.67 5.00 

Performance Rank I III V IV VI II 

 
Table 5. Seasonal performance of flow estimation methods at budhigandaki dam site. 

GPI and Rank Hydro Sim WECS1990 NEA1997 DHM2004 DAR GT 

GPI-Dry Season 4.67 2.42 2.00 3.42 2.92 5.58 

GPI-Monsoon 5.50 3.25 2.08 2.75 2.17 5.25 

GPI Post Monsoon 5.50 4.83 3.17 3.83 1.42 2.25 

GPI-Weighted Average 5.08 3.10 2.22 3.26 2.42 4.92 

Rank I IV VI III V II 

 

 
Figure 4. Comparison of monthly flow at budhigandaki dam site. 

 
Based on the results presented above, it can be inferred that hydrological si-

mulation method is the best among the other considered methods of flow esti-
mation in the BRB. It is to be noted here that the WECS 1990, NEA 1997 and 
DHM 2004 are regional methods and their coefficients are average values which 
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have been established by regression analysis. Thus, these methods may perform 
better in some catchments while poorer in the others depending upon how well 
the coefficients represent the catchment characteristics. Since the DAR method 
does not account the rainfall variation, it might be better suited for in regions 
where rainfall variation is small. The GT method takes into account the rainfall, 
and therefore, it performs better than the regional and the DAR methods. How-
ever, it does not take into consideration the spatial variation in soil type and land 
use/land cover. Hydrological modeling takes all these factors into account and 
the flow estimated by this method is better than that by all the other considered 
regional methods for ungauged basins. Another advantage of the hydrological 
simulation method over others is that it provides continuous data at the site of 
interest which could be extremely useful for hydrological analysis required for 
any water resources project development works. However, it is extremely im-
portant that quality (length, accuracy and reliability) of the input data for model 
setup as well as calibration and validation is mandatory for the hydrological 
model to perform its best.  

7. Conclusion  

This study was carried out to evaluate the performance of different flow genera-
tion methods namely, DAR, GT, DHM/WECS 1990, NEA 1997, DHM 2004 and 
hydrological modeling using SWAT. The estimated flows from each method 
were compared with the observed flows at Arughat and BGHEP dam site of the 
Budhigandaki River Basin. Six performance parameters viz. R2, MAE, RMSE, 
PBIAS, NSE and KGE were used to evaluate the considered flow estimation me-
thods. For overall evaluation of these flow estimation methods, Global Perfor-
mance Index (GPI) was introduced. Results show that hydrological modeling is 
the best among all considered methods for estimating flows at monthly time-
scales. Carrying out hydrological analyses using suitable hydrological model(s) 
for Nepalese river basins is recommended as a policy prescription to the Gov-
ernment of Nepal so that flow at the site of interest can be obtained when re-
quired for any water resources development project.  
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Abstract: This study aims at analysing the impact of climate change (CC) on the river hydrology
of a complex mountainous river basin—the Budhigandaki River Basin (BRB)—using the Soil and
Water Assessment Tool (SWAT) hydrological model that was calibrated and validated in Part I of
this research. A relatively new approach of selecting global climate models (GCMs) for each of
the two selected RCPs, 4.5 (stabilization scenario) and 8.5 (high emission scenario), representing
four extreme cases (warm-wet, cold-wet, warm-dry, and cold-dry conditions), was applied. Future
climate data was bias corrected using a quantile mapping method. The bias-corrected GCM data
were forced into the SWAT model one at a time to simulate the future flows of BRB for three 30-year
time windows: Immediate Future (2021–2050), Mid Future (2046–2075), and Far Future (2070–2099).
The projected flows were compared with the corresponding monthly, seasonal, annual, and fractional
differences of extreme flows of the simulated baseline period (1983–2012). The results showed that
future long-term average annual flows are expected to increase in all climatic conditions for both
RCPs compared to the baseline. The range of predicted changes in future monthly, seasonal, and
annual flows shows high uncertainty. The comparative frequency analysis of the annual one-day-
maximum and -minimum flows shows increased high flows and decreased low flows in the future.
These results imply the necessity for design modifications in hydraulic structures as well as the
preference of storage over run-of-river water resources development projects in the study basin from
the perspective of climate resilience.

Keywords: climate change; fractional difference; SWAT; quantile mapping; extreme flow

1. Introduction

Traditional energy sources along with human labour and draught transport were
replaced initially by coal and then by oil in the early 1900s for powering machines and
transportation [1,2]. Access to cheaper fossil fuels has been a major milestone for modern
development pathways [3]. Since the beginning of the industrial age, the ability to harness
and use different forms of energy has led to global economic growth and an increase in
production and consumption, which enabled people to perform increasingly productive
tasks and to improve the living standards of billions of people [4,5]. However, scientific
evidence indicates that huge emissions of CO2 and other greenhouse gases (GHGs) in
the atmosphere are associated with the increasing use of fossil fuel [6,7]. The era of the
industrial revolution can, thus, be taken as the starting point of climate change (CC) as the
scientific community has defined it today [8]. With the widespread use of fossil fuels and
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human interventions after the first industrial revolution, global warming has emerged as
an environmental issue that has captured the attention of the world [9].

CC has become a major challenge and threat to the planet, particularly after World War
II. Although alteration to the Earth’s climate has been going on forever, we have started
acknowledging its impacts on humans and the current environment only in the second half
of the 20th century [9]. The first world conference on the environment held in Stockholm
in June 1972 [10] formally opened the doors for a dialogue between industrialized and
developing countries on the link between economic growth; the pollution of the air, water,
and oceans; and the wellbeing of people around the world. Moreover, the formation of the
United Nations Environment Programme (UNEP) is one of the major achievements of the
Stockholm conference. The UN World Meteorological Organization (WMO) and UNEP
established the Intergovernmental Panel on Climate Change (IPCC) with the objective
of conducting and disseminating the findings of scientific research on CC in 1988 [11].
The Second Earth Summit organized by the UN in Rio de Janeiro, Brazil, in June 1992
formed a mechanism for cooperation between states, sectors, and people on issues related
to environmental protection and sustainable economic development [12]. Further, in 1997,
the Kyoto Protocol set the first GHG emission reduction targets for industrialized nations.
In this regard, a total of 192 nations of the world committed to reducing their emissions
by an average of 5.2% by 2012, which is popularly referred to as Kyoto Protocol [13]. The
United Nations Climate Change Conference held in December 2009 documented that CC
is one of the greatest challenges of the present day and prescribed that actions be taken to
keep temperature increases to below 2 ◦C [14]. The 2015 Paris COP 21, a global consensus,
established that average global warming needs to be kept below 1.5 to 2 ◦C to avoid the
irreversible threat to environmental, economic, social, and political challenges by CC for
years and decades to come [15]. The IPCC reports that all currently available global climate
models (GCMs) agree on an increase in global mean temperature over the 21st century. The
latest assessment report by the IPCC (AR6) has recommended limiting global warming to
1.5 ◦C in order to significantly reduce the risks and impacts of CC [16].

The GCMs and regional climate models (RCMs) have been found to be effective tools
in developing a better understanding of CC by predicting future climate projections [17,18].
Scientists of the Geophysical Fluid Dynamics Laboratory (GFDL), National Oceanic and At-
mospheric Administration (NOAA), developed the first coupled ocean-atmosphere general
circulation climate model (GCM) in the 1960s capable of simulating the temperatures and
precipitation of the past 50 years [19,20]. Following GFDL, many other studies across the
world have developed different climate models. For example, the Hadley Centre Global
Environment Model (HadGEM) [21], the Canadian Earth System Model (CanESM) [22],
and the Max Planck Institute for Meteorology (MPI) [23] are some notable GCMs, while
the Seoul National University Regional Climate Model (SNURCM) [24], the Max Planck
Institute for Meteorology—REMO2009 [25], and the Conformal Cubic Atmospheric Model
(CCAM) [26] are popular RCMs. Lately, it has become very convenient to use these
GCM/RCM datasets in hydrological models such as the Système Hydrologique Européen
(MIKE SHE), the Soil and Water Assessment Tool (SWAT), and the Variable Infiltration
Capacity (VIC), among others, for CC studies. Comparing future climate projections with
the baseline period to reach meaningful conclusions has been a routine procedure in the
hydrological modelling and CC domains. Water availability studies using the output of
climate models have been carried out at global [27], regional [28], and local scales [29].
Several studies have been conducted to assess the water availability and impacts of CC
in the Hindu Kush Himalayan region [30–33] that includes the Budhigandaki River Basin
(BRB) [34–36]. Results of such studies vary considerably across the spatial and temporal
scales, and thus a generic conclusion on the impact of CC in water availability cannot be
reached deterministically. These studies suggest the SWAT model can be a useful tool to
assess the flow and water balance and the impacts of CC on them.

The quantification of available water at the local scale and examining how it is im-
pacted by CC is extremely important from a water management perspective at the river
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basin level. The overarching objective of this study is to analyse the impact of CC on the
hydrology of a complex mountainous river basin, namely the Budhigandaki River Basin
(BRB) of Nepal. The well-calibrated and validated SWAT model (in Part I of this research)
was used to simulate future flows using future CC data [37]. A relatively new approach
of selecting climate models representing four different extreme cases (warm-wet, cold-
wet, warm-dry, and cold-dry conditions) were applied in the study. Generally, analysis
of the impact of CC was limited to annual, monthly, and seasonal flows and based on
people’s perceptions in most of the previous studies [32,34,38–40]. This study has extended
the analyses further to compare with the baseline condition the results of the frequency
analysis of the annual one-day-maximum and -minimum flows for three-time windows,
i.e., immediate, mid, and far futures.

2. Methodology and Data

The methodological framework used in this study is depicted in Figure 1. Future data
of different global climate models (GCMs) to assess the impact of climate change (CC) on
the Budhigandaki River Basin (BRB) was projected for 79 years (2021–2099). These climate
data were considered for two RCPs, 4.5 (stabilization scenario) and 8.5 (high emission
scenario), of the Intergovernmental Panel on Climate Change Fifth Assessment Report
(IPCC AR5) [41]. A brief description of the selected GCMs and their selection criteria, bias
correction methods, impact of CC on climatic parameters and hydrology, and frequency
analysis of extreme flows are given below.

Figure 1. Overall methodological framework.

2.1. Hydrological Modelling

The Soil and Water Assessment Tool (SWAT), a continuous-time, semi-distributed,
process-based river basin simulation model [42,43] capable of simulating hydrology and
other environmental processes, was used in the study to examine the impact of CC on
the basin hydrology. The Budhigandaki River Basin (BRB) was divided into 16 sub-basins
and 344 hydrologic response units (HRUs) to capture the spatial heterogeneity across
the basin. The model was calibrated and validated at the Arughat hydrological station.
Moreover, supplementary validation of the model was done at three locations upstream
and downstream of Arughat. The model performance was evaluated using four widely
used statistical indicators: Nash–Sutcliffe efficiency (NSE), root mean square standard
deviation ration (RSR), percent bias (PBIAS), and Kling–Gupta efficiency (KGE). Details of
the SWAT hydrological model development and its evaluation are discussed in the first
part of this study [37].

2.2. Selection of Climate Models

This study used the advanced envelop-based climate selection method to assess the
projected future climates as described in Lutz et al. [28]. It is based on two general criteria
for the selection of GCMs: (a) GCMs should be common to a pool of models with changes
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in temperature and precipitation, and (b) they must be available on a continuous daily
scale. Based on these two conditions, 105 models for RCP 4.5 and 78 models for RCP 8.5
scenarios were included in the initial pool of models. Climatic data (mean temperature
and precipitation) were obtained from GCMs through the KNMI climate explorer interface
(https://climexp.knmi.nl/start.cgi, accessed on 16 June 2020) for the study area. The
applied method uses three steps connecting future projections with past performance
(1981–2005), as shown in Figure 2.

Figure 2. Climate model selection (adopted and modified from [28]).

Step 1: In the first step, the projected changes in future climate from the baseline period
are computed for each GCM listed in the pool of models considering warm-dry, warm-wet,
cold-wet, and cold-dry corners to form an envelope. The 10th and 90th percentile values for
change in mean temperature (∆T) and percentage change in annual precipitation (∆P) for
each scenario were determined. These values represent the four corners of the spectrum of
the projections for temperature and precipitation change. The tenth percentile value of ∆T
and tenth percentile value for ∆P are in the ‘cold-dry’ corner of the spectrum. Likewise, the
tenth percentile value of ∆T and 90th percentile value for ∆P are in the ‘cold-wet’ corner,
while the 90th percentile value of ∆T and 90th percentile value of ∆P are in the ‘warm-wet’
corner. Similarly, the 90th percentile value of ∆T and tenth percentile value of ∆P fall in the
‘warm-dry’ corner of the spectrum. The proximity of the model running to the 10th and
90th percentile values is derived using the distance metrics recommended by [28]. A total
of 20 models (5 models in each four corners) were selected from this step.

Step 2: Two GCMs in each corner were selected in the intermediate step based on the
projection of changes in climate extremes using four of the Expert Team on Climate Change
Detection and Indices (ETCCDI), as mentioned by [28]. They are R95P [Precipitation due to
extremely wet days (> 95th percentile)], CDD [Consecutive dry days: maximum length
of dry spell (p < 1 mm)], WSDI [Warm spell duration index: count of days in a span of at
least 6 days where TX > 90th percentile (TXij is the daily Tmax on day i in period j)], and
CSDI [Cold spell duration index: count of days in a span of at least 6 days where TN < 10th
percentile (TNij is the daily Tmin on day i in period j)].

https://climexp.knmi.nl/start.cgi
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Step 3: In the final step, the ability of the selected GCMs to hindcast the past obser-
vation is evaluated between the selected two models in Step 2 of each of the four corners.
In this step, the Taylor method [44] was used to evaluate the GCMs on the basis of three
statistics: correlation coefficient, centred root mean squared error (RMS), and the standard
deviation. The most reasonable GCM for each corner was selected as the one having the
average of the highest Taylor score of the precipitation and temperature. In this way, four
models, one in each corner with the highest Taylor score, were selected for each RCP.

2.3. Bias Correction

In order to apply GCM projections at the local scale, bias correction is necessary. This
is because of the following reasons: (a) GCMs have inherent systematic biases which can
be due to the model’s representation of physical processes and their parameterization,
initializations, or human judgement, and (b) they are often incompatible on scales (because
of coarser resolution) that are necessary for local level hydrological impact studies [45].
Different methods for bias correction for climate variables like precipitation and temper-
ature are discussed in the literature that range from simple corrections in the annual or
monthly mean values to complex distribution fitting that corrects the entire distribution.
For example, [46] used the delta change approach in crop modelling in Europe for both
temperature and precipitation. Lenderink et al. [47] used the linear scaling approach for
estimating the future discharges of the Rhine River. Local intensity scaling (LOCI) was
applied by [48], while the power transformation method was used in other studies [47,49].

This study used the distribution mapping approach in which the mean, variance, and
whole distribution is considered [50–52]. The projected climate data at the meteorological
stations were then bias corrected using the quantile mapping (QM) method [51,53]. QM
corrects the quantiles of GCM data to match those of observed data by creating suitable
transfer functions explained in Equation (1):

Xcorr
f uture,t = inverse ecd f obs

baseline

(
ecd f GCM

baseline

(
XGCM

f uture,t

))
(1)

where, ecdf is the empirical cumulative distribution function for the reference time period,
XGCM

f uture,t is the raw GCM (projected value) at future time t, ecd f GCM
baseline is the empirical

cumulative distribution function of GCM for the baseline period, and inverse ecd f obs
baseline

is the inverse empirical cumulative distribution function of observation for the baseline
period. Xcorr

f uture,t is the corrected estimate of XGCM
f uture,t. We used the frequency adaptation

method as described in [54] for the correction of extra dry days when the frequency of dry
days in the baseline period in GCM data is greater than the frequency of dry days in the
observed data.

The bias-corrected times series climatic data from the selected GCMs for each mete-
orological station were averaged for each climate scenario. The projected future CC and
associated impacts were analysed based on those individual climatic scenarios which were
used as input to the SWAT hydrological model.

2.4. Climatology under Climate Change

The percentage change in annual average precipitation and mean temperature under
CC were compared with the baseline data for both emission scenarios (RCPs 4.5 and 8.5).

2.4.1. Climate Change Impact Analysis of Future Flows

The SWAT model developed and discussed in Part I of this study [37] was applied
to simulate the future flows by enforcing the projected GCMs’- CC data. Projected flows
were divided into three 30-year time windows: Immediate Future (IF: 2021–2050), Mid
Future (MF: 2046–2075), and Far Future (FF: 2070–2099). Projected flows were compared
with corresponding monthly, seasonal, annual, and fractional differences of extreme flows
(Q90 and Q10) of the simulated baseline flows (1983–2012). Such comparisons were made
for all four scenarios, three future time windows, and for both RCPs.
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2.4.2. Frequency Analysis

Annual one-day-maximum and -minimum flow series were extracted for each time
window of all four scenarios for both RCPs along with the baseline simulated flow. Gumbel
distribution [55] was fitted to these time series in order to find the magnitude of high and
low flows for the selected return periods. Interestingly, some flood-related studies have
applied hydro-economic [56] and techno-social [57] perspective CC assessment methods.

3. Results
3.1. Climate Model Selection

The first selection was made by comparing the projected mean temperature and annual
precipitation changes (%) of 2021–2050 with the baseline period of 1981–2005 for both RCPs
shown as dots in Figure 3. In RCP 4.5, the projected changes in annual precipitation are in
the range of −9% to +23%, while most models show an increase in precipitation. Similarly,
the change in projected temperature ranges from +0.6 ◦C to +3.1 ◦C with the multi-model
mean showing an increase by approximately +1.7 ◦C. Similarly, in RCP 8.5, most of the
models indicate an increase in annual precipitation, while in some cases, it is decreases
(range of change in precipitation: −11% to +21%). In the case of temperature, the changes
are from +0.7 ◦C to +3.0 ◦C, with the mean value of +1.9 ◦C.

Figure 3. Projected changes in annual precipitation (∆P %) and annual mean temperature (∆T ◦C) for RCP 4.5 and RCP 8.5.
Pink, violet, red, and green dots represent warm-dry, warm-wet, cold-dry, and cold-wet conditions, respectively.

ETCCDI extreme indices, viz. R95P, CDD, WSDI, and CSDI, were used to filter GCMs
from 20 to 8. The two GCMs that have the topmost combined scores for the changes
in precipitation and temperature indices in each corner are selected in the intermediate
selection steps given in Supplementary Tables S1 and S2. Using the Taylor method [44],
four GCMs, one for each corner, are selected (Table 1). HadGEM2 was selected for cold
and dry conditions, GFDL for cold and wet conditions, and CanESM2 for warm and wet
conditions for both RCPs. However, in the case of warm and dry conditions, MPI-ESM for
RCP 4.5 and MIROC-ESM for RCP 8.5 were selected.
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3.2. Bias Correction

Monthly average precipitation and temperature (observed, uncorrected, and bias
corrected) are given in Figure 4 for RCP 4.5 of CanESM2 as a representative graph. The
graph shows that the climate data are well bias corrected.

Table 1. Summary of selected GCMs for RCPs 4.5 and 8.5.

Climatic Condition GCMs for RCP 4.5 GCMs for RCP 8.5

Cold-dry (p10_10) HadGEM2-CC_rcp45_r1i1p1 HadGEM2-ES_rcp85_r1i1p1
Cold-wet (p10_90) GFDL-ESM2G_rcp45_r1i1p1 GFDL-ESM2M_rcp85_r1i1p1

Warm-wet (p90_90) CanESM2_rcp45_r3i1p1 CanESM2_rcp85_r3i1p1
Warm-dry (p90_10) MPI-ESM-LR_rcp45_r3i1p1 MIROC-ESM-CHEM_rcp85_r1i1p1

Note: px_y: xth and yth percentiles of temperature and precipitation.

Figure 4. Observed (black), before bias correction (blue), and after bias correction (red) precipitation
(top) and maximum temperature (bottom) monthly values for RCP 4.5 of CanESM2.
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3.3. Climatology under Climate Change

The percentage changes in annual precipitation and temperature under the two emis-
sion scenarios (RCPs 4.5 and 8.5) with respect to the baseline values are depicted in Figure 5.
The projected precipitation by all GCMs for all time windows (IF, MF and FF) is most likely
to increase in both RCPs except MPI-ESM (MF, FF) and HadGEM2 (IF), in the case of RCP
4.5, and HadGEM2 (IF and MF) for RCP 8.5. The highest increase of about 9% and 20%
from the baseline values are found for RCP 4.5 (in IF) and RCP 8.5 (in FF), respectively,
projected by the CanESM2 model. The lowest projected precipitation by the HadGEM2 is
found in the IF time window. Their values are about 5% and 7% lower than the base case,
respectively, in RCPs 4.5 and 8.5. It can be seen from the figure that the precipitation is
expected to increase with time (IF < MF < FF) in RCP 8.5. However, in the case of RCP 4.5,
the response is mixed, i.e., an increasing trend for HadGEM2 (Cold-dry) and GFDL_ESM2G
(Cold-wet) and a decreasing one in the other two cases (Warm-wet and Warm-dry). This
characteristic is distinctly depicted in Figure 6, i.e., the projected long-term precipitation in
RCP 8.5 shows a clear increasing trend which is not clear for RCP 4.5.

Both the maximum and minimum temperature projections by all the selected GCMs
(in all climatic conditions) are found increasing while moving from IF to FF in both emission
scenarios. The rate of increase of temperature is higher by all projections for RCP 8.5 than
that of RCP 4.5, as expected (Figures 5 and 6). It can also be observed that the increase in
minimum temperature is more than that of maximum temperature in all time windows for
both emission scenarios and in all conditions except the cold-wet condition (GFDL-ESM2G
of RCP 4.5). However, the projected temperatures of selected models are found to be
different. The maximum increase is found for the minimum temperature projected by
MIROC-ESM-CHEM (warm-dry/FF) of RCP 8.5, i.e., 6.5 ◦C. The minimum increase is
found to be 0.6 ◦C projected by the GFDL-ESM2G model in IF (Figure 5).

Figure 5. Change in precipitation (a,d) and change in temperature [maximum (b,e), minimum (c,f)]
pattern of the four selected GCMs and ensemble of RCPs 4.5 (left) and 8.5 (right) with their respective
time windows: blue (IF), red (MF), and green (FF).
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Figure 6. Precipitation and temperature (observed, bias corrected) of RCP 4.5 (a–c) and 8.5 (d–f) of the selected GCMs; black
(baseline), red (MIROC/MPI), blue (GFDL), green (HadGEM), and purple (CanESM2).

3.4. General Hydrology under Climate Change

The simulated average annual flow at the outlet of BRB for the baseline period is
240 m3/s [37]. Table 2 presents the predicted flow and corresponding percentage changes
by all selected GCMs for four climatic conditions (warm-wet: projected by CanESM2;
warm-dry: MPI (RCP 4.5/MIRCO (RCP 8.5), cold-wet: GFDL, and cold-dry: by HadGEM2)
and their ensemble for all time windows.

The maximum increase of annual flow in RCP 4.5 is more than 30% in the cold-dry
condition of FF and the minimum increase is about 10% in IF for the same condition
predicted by the HadGEM2 model. It shows that the HadGEM2 predicted flow has a
higher variability range than other GCMs in terms of annual averages. The increased flow
of the long-term annual average is almost the same for the warm-wet condition projected
by CanESM2 (IF: 29%, MF: 30% and FF 28%), whereas it has a decreasing trend for the
warm-dry condition projected by the MPI model (IF: 26%, MF: 20% and FF: 17%). The
flow of the other remaining two conditions have an increasing trend while moving from IF
to FF [GFDL: 18% (IF), 20% (MF) and 24% (FF); and HadGEM2: 10% (IF), 24% (MF) and
31% (FF)].
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Table 2. Impact of climate change on long-term annual flow.

Conditions Time
Window

RCP 4.5 RCP 8.5

Flow (m3/s) % Change Flow (m3/s) % Change

Baseline 240 - 240 -

Cold-Wet
(GFDL-
ESM2G)

Immediate
Future 283 18 304 27

Mid Future 287 20 317 33
Far Future 297 24 358 49

Warm-Wet
(CanESM2)

Immediate
Future 309 29 311 30

Mid Future 311 30 315 32
Far Future 306 28 377 57

Cold-Dry
(HadGEM)

Immediate
Future 263 10 251 5

Mid Future 297 24 272 14
Far Future 314 31 331 38

Warm-Dry
(MPI-ESM-

LR/MIROC-
ESM)

Immediate
Future 301 26 287 20

Mid Future 288 20 334 39
Far Future 281 17 350 46

Ensemble

Immediate
Future 289 21 288 20

Mid Future 296 23 310 29
Far Future 299 25 354 48

The long-term average annual flow predicted by all GCMs for all time windows in
RCP 8.5 are also more than the baseline flow, in increasing order from IF to FF for all
climatic conditions, similar to RCP 4.5. The increase in annual projected flow is between
5% (cold-dry/IF) and 57% (warm-wet/FF).

Thus, it can be observed that the long-term average annual flows are projected to
increase in all climatic conditions for both RCPs. The range of increment of ensembled
flow is in between 21% and 25% in RCP 4.5 and 20% and 48% in RCP 8.5. This shows
that the magnitude of increment of future flow is expected to be more for the higher
emission scenario.

3.5. Variation in Monthly Flows

Knowledge on the monthly variability under CC is useful for risk assessment of
water resource development projects, such as hydropower, irrigation, and municipal water
supplies. The long-term monthly flow for the three-time windows projected by the four
GCMs representing four climatic conditions of RCP 4.5 and RCP 8.5 emission scenarios are
given in Supplementary Tables S3 and S4, respectively. The data show that the range of
change in monthly projected flow in RCP 4.5 is from −17% (June/MF/cold-dry) to 68%
(March/FF/warm-wet) with respect to the baseline flows. It is noted here that only 4 out of
144 cases (12 months × time windows × 4 climatic conditions) have more than 5% decrease
in monthly flows. In almost 60% of the cases, the flows are in the range of +10% to +25%
of the baseline flows. Monthly flows more than 25% of the baseline flows are found to
be in one fourth of the total number of months in the simulated period. In general, in
three climatic conditions (warm-wet, cold-wet, and warm-dry), more than 25% increase is
found in the month of March. Even for the cold-dry condition, the increased percentage is
high (>15%). The monsoon flow is expected to increase significantly in all time windows
except for the cold-dry condition in June. The highest absolute magnitude of the projected
monthly maximum flow in all time windows for all climatic conditions is found to occur in
August, similar to the baseline, except for the far-future of the cold-wet condition. In this
case, the flow value is at its maximum in July.

In the case of RCP 8.5, the range of change of the monthly flow is from nearly −50%
(July/MF/cold-dry) to 200% (October and November/MF/cold-dry). Almost two-thirds
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of the predicted monthly flows are more than 25% of the baseline values for all climatic
conditions. Almost one-fourth of the cases are between a 10 and 25% increase in monthly
flows. The decrease in predicted flow was found only for cold-dry conditions. It is interesting
to note that this decrease is mainly observed in the monsoon season (June, July, and August)
and in May. The rate of increase is found to be higher in the post-monsoon season (October
and November).

The monthly baseline and predicted ensembled flows as well as the corresponding
percentage changes due to CC for both RCPs are given in Figure 7.

Figure 7. Hydrographs of monthly ensembled and baseline flows and their changes; (a: RCP 4.5 and
b: RCP 8.5) black dashed (baseline), red (Immediate Future—IF), grey (Mid Future—MF), and blue
(Far Future—FF).

The ensembles of the projected mean monthly flow are expected to increase in March,
August, September, October, and November for all scenarios except MF (May) of RCP 4.5
(2021–2099). On the other hand, in RCP 8.5, all the ensembles of the projected monthly flow
increase in all time windows. The relative changes in the projected mean monthly flow
under RCP4.5 are +11 to +28%, −1 to +36%, and +5 to +43% for IF, MF, and FF, respectively.
These figures range from +3 to +52%, + 6 to + 77%, and +18 to + 82% for IF, MF, and FF,
respectively, in the case of RCP 8.5. Ensembled flows are found to be higher in RCP 8.5
than in RCP 4.5, except for a few months (May to August of IF and July and August of MF).
The maximum increases of 43% (September) in RCP 4.5 and 82% in RCP 8.5 occur towards
the end of the century.
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3.6. Variation in High and Low Flows

The 10th percentile (Q10, high flow) and 90th percentile (Q90, low flow) values were de-
rived from the corresponding baseline and flow duration curves predicted by all four GCMs
for the considered time windows. Their fractional differences (Q10:Q90) were calculated
separately for each case. The 10th and 90th percentiles of baseline flow are, respectively,
598 m3/s and 64 m3/s. This means that the fractional difference of the baseline flow is
9. For RCP 4.5, the fractional differences of the ensembled flow are found to be 11, 12,
and 12 for IF, MF, and FF, respectively. However, such ensemble values for RCP 8.5 are,
respectively, 14, 17, and 18 for IF, MF, and FF. This result shows that variability is expected
to increase with time and be of a higher magnitude in RCP 8.5 than in RCP 4.5.

The number of days exceeding Q10 flow and less than Q90 were calculated from the
results to assess the frequency of incidence of high flow and low flow. The number of
days exceeding Q10 or not exceeding Q90 was 1098 for the baseline period. The number
of days (for all the four GCMs) that are expected to have flow exceeding Q10 are more
than 1098 days and not exceeding Q90 are less than 1098 days, except for one case (FF-low
flow-warm dry-RCP 4.5). The increase in the number of such days for IF, MF, and FF are,
respectively, 58%, 66%, and 71% for RCP 4.5 and 43%, 62%, and 97% for RCP 8.5. On the
other hand, the percentage of decrease in number of days in which the flow is expected to
be less than Q90 are 29%, 26%, and 14% for RCP 4.5 and 43%, 20%, and 42% for RCP 8.5
for IF, MF, and FF, respectively. This result indicates that the likelihood of the number of
flooding days would increase during the high flow season, while the number of firm flow
days in the low flow season would decrease, both instances pointing towards the negative
impact of CC.

3.7. Frequency Analysis of Flow

In this study, the frequency analysis of annual one-day-maximum and -minimum
flows at the outlet of the BRB was carried out by the Gumbel Method for the baseline and
CC cases as discussed below.

3.7.1. One-Day-Maximum Flow

Maximum instantaneous flows are generally used to estimate design floods [58,59].
Annual one-day-maximum floods and instantaneous floods are positively correlated [59–61].
Therefore, it is assumed that the impact of CC on instantaneous flows is the same as that in
the annual one-day-maximum flow.

Changes in the one-day-maximum flood for the different conditions and return periods
are given in Table 3, including baseline values. The baseline floods for the 100-, 500-, and
1000-year return period are, respectively, 1544, 1801, and 1911 m3/s. Table 3 shows
that the one-day-maximum flood resulting from CC is higher than the baseline floods
for all climatic conditions and in all time windows for the considered return periods.
However, the magnitude of predicted values are different depending on the selected
GCMs. Such an increase is found in the range of 66% (warm-dry/IF/100 years) to 226%
(warm-wet/MF/1000 years) for RCP 4.5 and 69% (cold-dry/IF/100 years) to 317% (cold-
wet/FF/1000 years) in the case of RCP 8.5. It is noted here that flood magnitudes are more
in RCP 8.5 than RCP 4.5, except in the IF of the cold-dry condition. On an average, the
change in ensembled projected flood is around 110%, 125%, and 140% of baseline floods,
respectively, for IF, MF, and FF time windows in the case of RCP 4.5. These changes are
about 150%, 200%, and 250%, respectively for IF, MF, and FF time windows in RCP 8.5.

3.7.2. One-Day-Minimum Flow

One-day-minimum simulated flows for the different scenarios are given in Table 4.
Results showed that the range of change in one-day-minimum flow due to CC with respect
to the baseline condition is between −27% (warm-dry/FF/20 years) and +9% (warm-
wet/IF/2 years) for RCP 4.5, while it is between −20% (warm-wet/MF/20 years) and
+16% warm-wet/FF/2 years) for the RCP 8.5 scenario. Almost half of the flow values in
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RCP 4.5 are expected to decrease by more than 10%. This phenomenon is mainly observed
in MF and FF. Similar results are obtained in RCP 8.5, i.e., almost 50% of the low flows are
lower than the base case values. It is more prominent in MF. Such a decrease is mainly
clustered for the 10- and 20-year return period flows. The maximum decrease in predicted
ensembled one-day-low flows is observed in FF in the case of RCP 4.5 and MF in the case
of RCP 8.5.

Table 3. One-day-maximum flood frequency analysis.

Time
Window

Return
Period
(Years)

Baseline
Flow
(m3/s)

% Change in Flow (RCP 4.5) % Change in Flow (RCP 8.5)

Warm
and Dry

Cold
and Dry

Warm
and Wet

Cold
and Wet Ensembled Warm

and Dry
Cold

and Dry
Warm

and Wet
Cold

and Wet Ensembled

IF
100 1544 66 101 153 102 106 204 69 159 137 142
500 1801 67 109 163 106 111 226 72 171 145 154
1000 1911 68 111 166 108 113 234 73 175 148 158

MF
100 1544 71 126 205 79 120 215 167 180 200 190
500 1801 72 131 220 79 125 228 183 189 217 204
1000 1911 72 133 226 78 127 233 188 192 223 209

FF
100 1544 114 141 183 97 134 238 175 269 285 242
500 1801 123 149 197 98 142 254 183 280 309 256
1000 1911 126 151 202 98 144 260 186 283 317 262

Table 4. One-day-minimum flow frequency analysis.

Time
window

Return
Period
(Years)

Baseline
Flow
(m3/s)

% Change in Flow (RCP 4.5) % Change in Flow (RCP 8.5)

Warm
and Dry

Cold
and Dry

Warm
and Wet

Cold
and Wet Ensembled Warm

and Dry
Cold

and Dry
Warm

and Wet
Cold

and Wet Ensembled

IF
2 56 7 0 9 4 5 5 2 9 7 6
10 47 2 0 −9 −4 −3 6 −2 −4 4 1
20 45 0 0 −13 −7 −5 7 −2 −7 4 1

MF
2 56 −4 5 4 −7 0 0 −2 4 −2 0
10 47 −11 0 −11 −15 −9 −11 −15 −15 −15 −14
20 45 −13 −2 −16 −16 −12 −13 −20 −20 −18 −18

FF
2 56 −13 2 −2 −5 −4 −5 4 16 4 4
10 47 −23 −4 −17 −15 −15 −15 −13 2 −2 −7
20 45 −27 −7 −20 −18 −18 −18 −18 −2 −4 −11

4. Discussion

Precipitation and temperature are considered to be the most important climatic vari-
ables influencing the water availability of a basin. The influence of CC has significant
implications on water resource planning and management. Recent studies have used
varying models and datasets (GCMs and/or RCMS) and climate scenarios to assess CC
through precipitation and temperature in various parts of Nepal, considering different
time windows to the end of this century [31,62–65]. Expected changes in precipitation
are not consistent across the country; however, all these studies predicted an increase in
precipitation with time. Our results are comparable with these, showing that projected
precipitation by almost all GCMs for all time windows (IF, MF and FF) is most likely to
increase in both RCPs. In the case of temperature, expected changes quantified by the
aforementioned studies are not uniform in this region. Nevertheless, most have predicted a
rise in both maximum and minimum temperature [29,39,64,65]. In this study too, both the
maximum and minimum temperatures projection by all the selected GCMs (in all climatic
conditions) are expected to increase while moving from IF to FF in both emission scenarios.

This study found that the projected annual flows by all GCMs and for all time windows
are greater than the base case. A similar trend has been reported in other studies made
in Nepalese rivers basins: for example, Indrawati [31], in Bagmati [62], Kaligandaki [66],
Bheri [67], Karnali [29], and Koshi [32,40,59], except [39] in Tamor. Among these results, the
trend of increase in ensembled future flows is surprisingly found similar to that of [40]. The
percentage change in flow due to CC in IF/MF/FF of this study and [40] are, respectively,
21/23/25 and 16/22/28 for RCP 4.5 and 20/29/48 and 18/31/57 for RCP 8.5. From the
results presented above, we can see that the range of increase in annual flow is more in
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RCP 8.5 (5–57%) than in RCP 4.5 (10–30%), except in IF and MF of the cold-dry and in IF of
the warm-dry conditions. The lower values of the predicted flows in RCP 8.5 are attributed
to less precipitation in RCP 8.5 in these cases. Although the overall trend of the projected
flow is found increasing, the individual scenarios show differences in the magnitude of
changes in flows. Depending on the GCM used and the location of the studied catchments,
the magnitude (in some cases even the direction) of changes in flow as the impact of CC
are reported differently in previous studies [38,40,68–70]. For example, in the study by [69]
using the SWAT model, the authors found that the annual runoff of the Yinma River Basin
(China) in the future (2021–2050) would increase by 88% for RCP 4.5 and by 48% for RCP
8.5 in comparison to the baseline period (1981–2010). On the other hand, decreases of mean
annual runoff are projected by the VIC model in all future time windows of 2010–2039,
2040–2069, and 2070–2099 in a similar study by [70] conducted in the Upper Yangtze River
Basin of China (the decrease in mean annual flow was 7.84% under RCP 8.5 and 9.81%
under RCP 4.5, in their case). Phi Hoang et al. [68] found that the ensemble flow due to CC
shows increases in annual river flows between +5 and +16% in the Mekong river. Results
from these studies highlight the need for the localized prediction of future flows for water
resource management considering the uncertainties.

Except in May and June, the future flows predicted by all GCMs are likely to increase
in all other months of the year for all time windows. This is similar to the results of the
Koshi Basin in Nepal [40]. As in the case of annual flows, the range of predicted changes
in future flows shows a high level of uncertainty depending on the choice of GCM. Such
variation is quite high in RCP 8.5 (–50% to +200%). However, similar monthly variations
in flow between −70% and +190% are found in Wagener et al. [71]. Similarly, maximum
monthly flow increases of 143% and 99%, respectively, for RCP 4.5 and 8.5 were reported
in [69]. On the other hand, [72] found that the mean monthly river flow varies from −16%
to +55%, with the greatest decreases in July and August and the greatest increases in May
and June.

Our results predict a higher increase in high flows than that of low flows. The average
increases (predicted by all GCMs for all time windows) of high flow (Q10) are 23 and 26%,
and those of low flow (Q90) are 14 and 17% with respect to the baseline for RCP 4.5 and
RCP 8.5, respectively. This shows that the negative impacts of CC can be expected in both
the high flows (increasing) and low flows (decreasing). Similar results are reported for the
Ljubljanica River of Slovenia in all three investigated future time windows, i.e., 2011–2040,
2041–2070, and 2071–2100 under RCP 4.5 [73]. The highest change in one-day-maximum
flood is expected in the warm-wet climatic condition for the case of RCP 4.5 in all time
windows. w However, for RCP 8.5, the warm-dry condition in IF and MF predicts higher
values of flood, while the cold-wet does so in the FF.

The expected rise in temperature will most likely lead to increase in water demand:
for example, ET. This will further stress the water availability of the basin. On the other
hand, increased snow melt during the dry season and thus addition to the current water
availability might be beneficial to some users, such as hydropower projects. Moreover, the
projected shift in precipitation patterns will most likely impact floods and droughts by
altering their timing and magnitude. These consequences are further exacerbated by the
various uncertainties in the method of analysis and results. Nevertheless, the increase in
predicted floods by all the GCMs in our study show that the flood disposal structure should
be designed at a higher capacity than the one designed based on baseline flood values to
achieve climate resilience. Additionally, the projected decrease in the future low-flows
due to CC strongly indicates the need for storage over run-of-river projects for optimal
water use planning. Overall, it is seen that the impacts of CC are essential for the design of
hydraulic structures, flood and drought management, and overall water resource planning
and development of the basin.
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5. Conclusions

The impact of CC on future water availability in the BRB was analysed by using a
well-calibrated and validated SWAT hydrological model. Climate data were projected
by four GCMs representing cold-dry, warm-dry, cold-wet, and warm-wet conditions for
two emission scenarios, i.e., RCPs 4.5 and 8.5, adopting an envelope method. Most of
the selected GCMs predict an increase in annual precipitation and temperature for RCP
4.5. In the case of RCP 8.5, most of the GCMs predict higher annual precipitation and
temperature compared with the baseline condition, while some project a decrease in annual
precipitation. The projected precipitation by almost all GCMs for all time windows (IF,
MF, and FF) is most likely to increase in both RCPs. Both the maximum and minimum
temperature projections by all the selected GCMs (in all climatic conditions) are found
increasing while moving from IF to FF in both emission scenarios.

This study concludes that the increasing temperature and variation in precipitation
patterns in the BRB resulting from CC will impact the water resource availability in the
future. The monsoon flow is expected to increase significantly for all time windows in
the case of both RCPs. While the variation in the monthly flows from the baseline values
of RCP 8.5 is projected to be higher than that of RCP 4.5, the rate of increase is found to
be more in the post-monsoon season. The greatest magnitude of the projected monthly
maximum flow in all time windows for all climatic conditions except FF of the cold–wet
condition is found to occur in August, similar to the baseline condition. The long-term
average annual flow predicted by all GCMs for all time windows in RCP 4.5 and 8.5 is
projected to continuously increase from IF to FF. The relative change in the mean monthly
flow under RCP 4.5 and 8.5 is projected to increase for IF, MF, and FF. Ensembled flows are
expected to be higher in RCP 8.5 than in RCP 4.5.

The fractional differences (Q10:Q90) for the projected flow were found to be progres-
sively increasing with RCPs and over time. Additionally, the number of days exceeding the
10th percentile (Q10, high flow) and not exceeding the 90th percentile (Q90, low flow) are
predicted to be more by all the GCMs. Likewise, the one-day-maximum floods of different
return periods are projected to be higher than those of the baseline floods for all climatic
conditions and for all time windows in both RCPs. Similarly, the one-day-minimum flows
for different return periods are most likely to be lower than the base case. However, the
predicted values are different in magnitude and direction depending on the selected GCMs.

The increase in future predicted floods implies the designing of flood disposal struc-
tures at a higher capacity than those designed based on historical data. Furthermore, the
decrease in projected firm flows in the future suggests that storage-type water resource
projects are preferred over run-of-river projects for optimal water use planning from the
perspective of climate resilience.
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Abstract
This study is aimed at evaluating the impacts of climate change (CC) on the water-energy-economics-continuum consider-
ing a storage type hydroelectricity project (STP). Inflows from ensembled CC scenarios for two RCPs (4.5 and 8.5) and 
three time-windows (near-future, mid-future, far-future) until the end of this century, generated from an earlier study by 
the same team, was used for the analysis. The proposed 1200 MW Budhigandaki Hydropower Project in Nepal is taken as 
a case. A set of reservoir operating rules were derived considering the baseline data which was then used to generate future 
energy and revenue at the monthly, seasonal and annual timescales. Results show that future annual energy is expected to 
increase by about 9–13% from the baseline. Furthermore, future revenue generation is projected to increase in the range of 
20–28 million USD annually. This overall gain in the revenue due to additional energy generation is an anticipated positive 
impact of CC which is capable of contributing to the reduction of greenhouse gases and minimizing fossil-fuel laden trade 
deficit. This study recommends that: STPs with the provision of flexible operating rules are desirable for climate resiliency 
in hydroelectricity; areas expected to witness decreased future hydroelectricity generation need to explore other alternative 
sources of renewable energy; and the policy instruments pertaining to the financial aspects of hydroelectricity should be 
continuously updated considering future conditions.

Keywords  Water-energy-economics-continuum · Hydroelectricity · Climate change · Energy economics · Energy policy

Introduction

The urgent world-wide need of switching to green energy 
has led to hydroelectricity, wind, solar, geothermal and wave 
receiving global attention (Bogdanov et al., 2021; Davis 
et al., 2020; Dietzenbacher et al., 2020; Liao et al., 2021). 
Among the identified renewable sources of clean energy, 
hydroelectricity is over a century old and a well-proven tech-
nology with significant developments in its planning, design 

of hydraulic structures, electro-mechanical components as 
well as distribution systems. Likewise, studies have also 
focused on methane emissions, sediment and overall water 
environment of reservoirs and dams associated with hydro-
electricity projects (Janssen et al., 2021; Li et al., 2018; Liu 
et al., 2019, 2020).

Hydroelectricity contributes about 3% of the total global 
energy and has a major share (about 17%) in the total world’s 
electricity generation (IEA, 2020). The contribution of 
hydro-energy is found to be substantial in countries with a 
relatively smaller energy/electricity demand and high water 
availability. However, it varies significantly across countries. 
The share of hydroelectricity in the gross national supply of 
electricity is 100% in Albania, 99% in Congo, 97% in Para-
guay, 92% in Iceland and 90% in Nepal (IEA, 2020). On the 
contrary, the contribution of hydroelectricity on the current 
electricity supply is relatively small for high energy-consum-
ing countries. For instance, it is 1232 Terawatt-hour, TWh 
(17%) in China, 317 TWh (7%) in USA, and 193 TWh (17%) 
in Russia (IEA, 2020). Some exceptions of high energy 
consuming countries with a high share of hydroelectricity 
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are Brazil 389 TWh (65%), Canada 386 TWh (59%) and 
Norway 140 TWh (95%) (Martins et al., 2018; Tomczyk & 
Wiatkowski, 2020). Best (2017) makes an interesting com-
parison showing that the capital cost of a hydroelectricity 
project is about 4.0 million USD per Megawatt (MW) which 
is only slightly more expensive than a coal plant, two-thirds 
of a nuclear or geothermal plant and one-fourth of the cost of 
a solar power plant. These figures show that hydroelectricity 
is an important energy source globally.

Hydroelectricity is mainly dependent on the temporal 
variation of river flow, which in turn is, largely impacted 
by climate change (CC). Generally, run-of-the-river (ROR) 
facilities are more affected than storage type plants (STPs). 
Several studies have analyzed how runoff will change 
at the global (Turner et al., 2017a, b; Zhou & Hanasaki, 
2018), regional (Ali et al., 2018; Zhong et al., 2019) and 
local (Devkota & Gyawali, 2015; Pandey et al., 2019; Kaini 
et al., 2020; Marahatta et al., 2021a) scales in the future due 
to CC. A common inference from all these studies is that 
the CC impacts on hydroelectricity is largely influenced by 
the geographical location of the hydroelectricity plant and 
choice of climate models despite high levels of uncertainty 
in the direction and magnitude of the predictions (Marahatta 
et al., 2021a).

It is seen that the impact of CC on runoff and water avail-
ability for hydroelectricity projects have been studied in dif-
ferent countries such as Brazil, Canada, China, and Nepal 
where hydroelectricity is the dominant electricity provider 
(Caceres et al., 2021; Liu et al., 2016; Shrestha et al., 2021). 
Moreover, there are ample studies on renewable energy 
mostly targeted towards advancement of newer technologies 
and analyses of the conversion from current fossil-fuel based 
to a renewables-dominated economy (Davis et al., 2020; 
Paltsev, 2020; Bogdanov et al., 2021; Liu et al., 2021; Mut-
ezo & Mulopo, 2021; Poletti & Staffell, 2021). The current 
research trend on energy economics is found to be largely 
focused on fossil fuels (Barreto, 2018; Belfiori, 2020; Hanif 
et al., 2019; Poudineh et al., 2020; Ranzani et al., 2018; 
Rehman et al., 2021) and other water management issues 
(Pakhtigian et al., 2020). However, research on the effects 
and economic values of established technologies such as 
hydroelectricity is rather limited (Mattmann et al., 2016). 
Extending this gap further is the micro-economic assessment 
of the cost and revenue aspects of hydroelectricity linked to 
CC at the project level. This study attempts to address this 
niche and paves way for integrated economic evaluations of 
the hydroelectricity sector.

The overarching objective of this study is to evaluate the 
impact of CC on the water-energy-economics-continuum 
considering a storage type hydroelectricity project (STP) 
over a time horizon of a century. The specific objectives 
are: (i) to examine how the electricity production is impacted 
in future climate scenarios and time windows; and (ii) to 

compare the future CC-induced seasonal and annual rev-
enue generation from hydroelectricity with that of the base 
period. The insightful evidence that is produced shall be 
extremely useful for climate resilient planning and design of 
hydroelectricity projects in complex and mountainous river 
basins. The proposed 1200 MW Budhigandaki Hydropower 
Project (BGHP, a storage type project) located in Nepal in 
the central Hindu Kush Himalayan (HKH) region is taken 
as a case.

To the knowledge of the authors, hydrology (river flow), 
energy (hydroelectricity) and economics (revenue aspects) 
including climate change have not been dealt with in a single 
study. Furthermore, we have attempted to link the research/
academic sector to the policy making level by providing 
evidence-based policy prescriptions. We consider this as a 
significant contribution from our side, rarely found in many 
published studies.

Materials and methods

Study area

The Budhigandaki is a complex mountainous river basin. Its 
drainage area at the confluence of Trishuli River is 4988 km2 
out of which nearly one-fourth lies in Tibetan plateau of 
People Republic of China and remaining part lies in the 
Federal Democratic Republic of Nepal (Fig. 1). The basin 
has a high hydroelectricity potential in which more than 35 
hydroelectric projects ranging from 0.5 to 1200 MW are 
at various stages of development (Marahatta et al., 2021b 
). Relevant salient features of the study project, BGHP are 
given in Fig. 1. Readers are referred to Marahatta et al., 
(2021c) and Devkota et al. (2016) for details on the geog-
raphy, terrain and topography, hydro-meteorology and sup-
plementary information of the basin.

Terrain data

The reservoir water surface area (A) is estimated as a power 
function of its depth (y) as given in Eq. (1) (Devkota et al., 
2021, 2022)

The best-fit value of the multiplicative coefficient (α) is 
1360 and the power coefficient (β) is 2.0 which have been 
adopted for further calculations.

Flow data

The baseline and projected ensemble flow data used in this 
study are respectively from 1983 to 2012 (30 years) and 

(1)A = �y� .
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2021 to 2099 (79 years) (Fig. 2). Two RCPs—4.5 (stabi-
lization scenario) and 8.5 (high emission scenario) of the 
Fifth Assessment Report of Intergovernmental Panel on 
Climate Change (IPCC) were considered for future climate 
projections. The flow data were derived from an earlier 
study (Marahatta et al., 2021a) by the same team. Data of 
each RCP were divided into three 30-year time windows, 
viz., immediate future (IF): 2021–2050; mid future (MF): 
2046–2075 and far future (FF): 2070–2099. It is seen that 
there is a consistent increase in the annual flow in both 
the RCPs over time with the magnitude more prominent in 
RCP 8.5. The selection procedure of the climate models, 
bias correction methods and ensemble details are briefly 
discussed in Marahatta et al., (2021a).

Methodology

Figure 3 depicts the overall methodology applied in this 
research. This study utilizes the baseline inflows to the 
BGHP damsite at monthly timestep to generate a set of res-
ervoir operating rules taking into account terrain data and 
the constraints based on the assumptions (details of the 
assumptions can be found in Devkota et al., (2021, 2022). 
The main objective of determination of these rules is to 
maximize dry season (December–May) energy. Applying 
these rules on long-term flows, energy was calculated for 
the baseline period at monthly timescale. Further, using 
the same operating rules, monthly energy generation for 
the future (three time-windows: IF, MF and FF) under CC 

Fig. 1   Location map of Budhigandaki Basin; *source: (BGHP, 2015)
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RCPs 4.5 and 8.5 were also determined. The terrain and 
other salient features of the project site have been assumed 
to be constant throughout our period of analysis. Future 
energy generation was compared with the base case at 
monthly, seasonal and annual timescales. The seasonal 
and annual revenues equivalent to the generated monthly 
energy for the above-mentioned scenarios were then cal-
culated using the power purchasing agreement (PPA) rates 
fixed by the Nepal Electricity Authority (NEA, 2017) and 
compared with the base case. The governing equations of 
this study are listed hereunder.

For any month i of year j, the power that can be gener-
ated by a hydroelectric plant is given by Eq. (2) (Devkota 
et al., 2021, 2022).

where, P = generated power (MW), � = overall efficiency of 
the plant (0.93, considered a constant), � = unit weight of 
water (9.8 kN/m3, considered a constant), QT = flow passing 
through the turbine (m3/s) and H = available net head (m).

(2)Pi,j = � ⋅ � ⋅ QTi,j ⋅ Hi,j∕1000,

Fig. 2   Mean annual inflows to the BGHP reservoir for the historical (baseline) and ensembled (projected future time periods) used in this study 
[data from (Marahatta et al., 2021a)]

Fig. 3   Overall methodological framework adopted in this study
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It is assumed that the hydroelectric plant runs continu-
ously and thus the corresponding monthly energy generation 
(in GWh) is the product of the power and the number of days 
in a given month in compatible units (Eq. 3). For conveni-
ence in comparison, all the analysis was carried out in terms 
of energy rather than power.

where, E = total energy generated (GWh), n = number of 
days.

The percentage change in energy production is calculated 
using Eq. (4).

where, ΔEi,j = change in the total energy generated 
expressed as percentage, Ei,j,CC = total energy generated in 
the ith month of the jth year of the CC scenario, Ei,base = 
total energy generated in the ith month of the base case.

The PPA rates for dry and wet season are different. It 
is assumed that these rates remain constant throughout the 
simulation period. Adopted exchange rate is: 1 USD = 119 
NRs (NRB, 2021). The monthly and annual revenues (in 
USD) are calculated as:

where, Ri,j = revenue generated (USD), DRj = total dry sea-
son revenue, WRj = total wet season revenue, ARj = total 
annual revenue.

The percentage change in revenue at monthly and annual 
timescales are given as:

(3)Ei,j = Pi,j ⋅ ni,j ⋅

(

24

1000

)

,

(4)ΔEi,j =
Ei,j,CC − Ei,base

Ei,base

⋅ 100,

(5)Ri,j = Ei,j ⋅ PPAi,

(6.1)DRj =

May
∑

i=Dec

Ri,j,

(6.2)WRj =

Nov
∑

i=Jun

Ri,j,

(6.3)ARj =

Dec
∑

i=Jan

Ri,j,

(7)ΔRi,j =
Ri,j,CC − Ri,base

Ri,base

⋅ 100,

(8.1)ΔDRj =
DRj,CC − DRj,base

DRj,base

⋅ 100,

where, Ri,base = total monthly revenue generated in the base 
period, Ri,j,CC = total monthly revenue generated in the CC 
scenario, ΔRi,j = change in the total revenue, ΔDRj = change 
in the dry season revenue, ΔWRj = change in the wet season 
revenue, ΔARj = change in the annual revenue.

We define the annual profit as the difference between the 
revenue generated from the hydroelectricity project and the 
operation and maintenance (O&M) costs at an annual scale. 
Considering the jth year, it is expressed mathematically as 
in Eq. (9).

where, �j = total annual profit, CO&M,j = total annual opera-
tion and maintenance cost.

The change in annual profit because of the impact of CC 
is given by Eq. (10).

For the sake of simplicity, the physical infrastructure 
(e.g., spillway to dispose CC induced excess water) of the 
BGHP is assumed to be constructed considering the impact 
of CC. Hence, the annual O&M cost is not affected signifi-
cantly by CC. Thus, the annual O&M cost is assumed to 
remain constant for the base case as well as for the future CC 
cases (i.e., CO&M,j,base = C

O&M,j,CC
).

With the aforementioned assumptions, it can be safely 
derived that the change in annual revenue generation in the 
future CC scenarios compared to the base case is as given 
by Eq. (11).

Results and discussion

Operating rule

The reservoir operating rules were used to generate at 
monthly timesteps: (i) the average discharge (QT) avail-
able for the turbine, (ii) available net head (H), (iii) power 
generation (P) corresponding to the average discharge and 
available head, (iv) maximum allowable discharge (Qmax) 
to the turbine meeting all the requirements and physi-
cal constraints, (v) maximum possible power generation 

(8.2)ΔWRj =
WRj,CC −WRj,base

WRj,base

⋅ 100,

(8.3)ΔARj =
ARj,CC − ARj,base

ARj,base

⋅ 100,

(9)�j = ARj − CO&M,j,

(10)
Δ�j =

(

ARj,CC − CO&M,j,CC

)

−
(

ARj,base − CO&M,j,base

)

.

(11)Δ�j = ARj,CC − ARj,base.
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(Pmax) and (vi) maximum possible energy generation for 
the base case (Table 1). It is evident that QT is the low-
est (102 m3/s) in November while it is more than triple 
in May (353 m3/s). The maximum net head (H) is avail-
able during the months of October and November (215 m) 
which corresponds to the full supply level (FSL) of the 
reservoir. Head is the lowest in May (152 m). The high-
est P has been calculated as 491 MW for dry months and 
the lowest of 198 MW in June and November. It can also 
be seen that Qmax in April, May, June and July are higher 
(322, 354, 351 and 310 m3/s, respectively) than the other 
months of the year (251–297 m3/s). Pmax is 491 MW while 
the corresponding Emax is in the range of 330–365 GWh 
amounting to a maximum annual value of 4301 GWh.

The operating rules prioritize dry season energy maxi-
mization. They are derived in such a way that the inflow 
of the wet months (June–November) is first used to fill 
up the reservoir to a pre-defined level and then generate 
energy from the remaining available water (Devkota et al., 
2021, 2022). Water stored in the reservoir during the 
monsoon is slowly released in the dry months (Decem-
ber–May) such that it is at the minimum operating level 
in the end of pre-monsoon (May), ready to be refilled by 
the monsoon. In October and November, the reservoir 
is kept full and the hydroelectricity plant operates as an 
ROR project. In the dry months, the discharge available 
to the turbine is the sum of natural inflow as well as a 
part of the stored reservoir water. The excess available 
discharge is spilled out from the reservoir only in cases 
when Q > Qmax such that the condition of P = Pmax and 
E = Emax is maintained. This shows that there is a high 
flexibility in varying the operating rules according to the 
projected future climatic conditions in STPs to minimize 
spill and maximize power generation.

Baseline energy generation

Figure 4a gives a snapshot of the monthly variability in 
the energy generation of the BGHP over the 30 years base-
line period considering (30 years × 12 months =) 360 data 
points. The vertical rectangle is the spread of the data within 
the first quartile (Q1)–third quartile (Q3) range while the 
values beyond 1.5 times this Q1–Q3 interquartile range (in 
both positive and negative directions) are treated as outli-
ers. They have been replaced by values in the respective 
limits of the quartiles. It can be seen that the mean generated 
energy is about 350 GWh from December to May while 
the variability is quite high in the monsoon months of June 
through October ranging from about 145 (November) to 280 
(August) GWh. Some dry years have zero energy generation 
even in the monsoon months. Figure 4b is a distribution plot 
of the monthly energy generation for the baseline. During 
this period, 135 months (~ 38%) produce energy in the range 
of 350–400 GWh, 87 months (~ 27%) are capable of generat-
ing 300–350 GWh while 6 months (< 2%) are able to gener-
ate only 50–100 GWh for the baseline period. The average 
annual energy generated in this period is 3385 GWh. It can 
be seen from Fig. 4c that the dry season energy generation 
is almost constant at 2000 GWh throughout the baseline 
period. However, a variation of 484 (in 1985)–1782 GWh (in 
1999) is noted in the wet season energy generation. This var-
iability is also carried over to the respective annual energy 
generation values of 2552–3875 GWh.

Future energy generation

The projected average annual energy generations in IF, MF 
and FF are respectively 3871, 3861 and 3877 GWh, clearly 
indicating increases of about 14% compared to the baseline. 

Table 1   Monthly values of 
the variables determined as 
reservoir operating rule for the 
base case

QLTMA is the long-term mean monthly flow of baseline period; QT is the available monthly discharge used 
to calculate the power (P) for the baseline period (base case); H is the available net head; Qmax is the maxi-
mum allowable discharge for a given month meeting reservoir filling and turbine capacity constraints; Pmax 
and Emax are the maximum possible power and energy generation corresponding to Qmax

Base case variables Months

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

QLTMA (m3/s) 73 71 83 114 171 354 577 593 429 191 102 81
QT (m3/s) 266 280 297 322 354 141 231 238 172 191 102 255
H (m) 202 192 181 167 152 153 173 194 209 215 215 211
P (MW) 491 491 491 491 491 198 365 421 328 374 198 491
E (GWh) 365 330 365 353 365 142 272 313 236 278 143 365
Qmax (m3/s) 266 280 297 322 354 351 310 277 257 251 251 255
Pmax (MW) 491 491 491 491 491 491 491 491 491 491 491 491
Emax (GWh) 365 330 365 354 365 354 365 365 354 365 354 365
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Energy distribution plots were generated for the three future 
time windows for RCP 4.5 and RCP 8.5 (Fig. 5). Very inter-
estingly, in the case of RCP 4.5 (Fig. 5 top pane), more 
than 220 months (61%) are expected to generate energy in 
the range of 350–400 GWh for all the three time-windows 
which shows a significant increase in the expected energy 
generation compared to the baseline (38% of time). The total 
number of months with expected energy generation in the 
range of 300–350 GWh is 66, 64 and 68 for IF, MF and FF, 
respectively (~ 18% of the time). Notably, the cumulative 
number of months generating energy less than 300 GWh is 
below 72 (~ 20%) for all the time windows; about half that 
value of the baseline (138 months, 43%).

In the case of RCP 8.5 (Fig. 5-bottom pane), 228 (63%), 
242 (67%) and 269 (75%) months are expected to generate 
energy in the range of 350–400 GWh for IF, MF and FF, 

respectively: a notable similarity with the RCP 4.5 case. The 
total number of months in IF, MF and FF with expected 
energy generation in the range of 300–350 GWh are respec-
tively 59 (16%), 58 (16%) and 41 (11%). It can be further 
seen that the number of months generating 250–300 GWh 
are less than 20 (6%) for all the three time-windows: a slight 
decrease in comparison to the baseline. Only 1 month each 
in IF and FF and 2 months in MF are expected to generate 
energy up to 50 GWh which is a significant reduction com-
pared to the base case of 13 months. The projected average 
annual energy generation are 3864 (IF), 3949 (MF) and 3999 
(FF) GWh which clearly indicate increases by 14%, 17% and 
18% respectively from the baseline.

Interestingly, when future energy generation is plotted 
temporally (Fig. 6), an almost constant dry season energy 
generation (~ 2000 GWh) across all the six CC scenarios 

Fig. 4   a Monthly variability; b frequency histogram; and c seasonal 
and annual variation of energy generation for the baseline period 
(1983–2012). In a, for a given month, the rectangular boxes show the 
Q1–Q3 quartiles range while the error bars represent the maximum-
minimum range. The median values are shown as horizontal lines 

inside the boxes and the cross-marks indicate mean values. In c, 
orange bars represent dry season, blue bars wet season and the solid 
line with black markers indicates annual energy generation values. 
Number of data points = 360
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Fig. 5   Monthly frequency histogram of energy generation for RCP 4.5 (top) and RCP 8.5 (bottom) and three time-windows—a and d immediate 
future (IF: 2021–2050); b and e mid future (MF: 2046–2075); and c and f far future (FF: 2070–2099). Number of data points = 360 for each case

Fig. 6   Seasonal and annual energy generation for RCP 4.5 (top) 
and RCP 8.5 (bottom) and three time-windows—a and d immediate 
future (IF: 2021–2050); b and e mid future (MF: 2046–2075); and c 
and f far future (FF: 2070–2099). Orange bars represent dry season, 

blue bars wet season and the solid line with black markers indicates 
annual energy generation values. Number of data points = 360 for 
each case
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is observed. This is very similar to the baseline condition. 
However, there is a noticeable variation in the wet season 
ranging from the lowest 1377 GWh in RCP 4.5 (IF) to the 
highest of 2095 GWh in RCP 8.5 (MF). Consequently, a var-
iation in the range of 3520 GWh (RCP 4.5: IF)–4239 GWh 
(RCP 8.5: MF) is seen in the annual energy values.

Change in future energy generation

Monthly and annual energy generation for both RCPs were 
calculated and averaged over the respective time-windows 
to compare the changes with the base case (Table 2). Very 
little change is expected in the dry season while it is consid-
erable in the wet months. No change can be expected in the 
months of December–March; and a nominal decrease during 
April and May with respect to the base case. Highest change 
of 64.4% can be expected in November in MF of RCP 8.5. 
Variation in the annual energy generation ranges from 9.4% 
(RCP 4.5, MF) to 13.3% (RCP 8.5, FF).

Due to the variation in the geographical location, cli-
mate, terrain, hydro-geology and physical setting of the 
hydroelectricity projects across the world, results from 
similar other studies cannot be directly compared without 
due consideration to these differences. Furthermore, the 
size and type of the hydroelectricity plant and the adopted 
operating rules play a very important role in the power 
potential as well as generation (Chang et al., 2018). There-
fore, it is found logical to compare the results of our study 
with those carried out in the HKH region. For instance, 
Ali et al., (2018) estimate an increase up to 45% in the 
streamflow and 25% in the hydroelectricity generation in 

the Ganga Basin (India). Fourteen percent increase is pro-
jected in hydro-energy generation in the Tamakoshi Basin 
(Nepal) (Shrestha, 2016); 1.7% increase in hydroelectric-
ity potential in Kabul (Afghanistan) (Shirsat et al., 2021) 
and expected variation of −5  to +40% in Upper Indus 
(Casale et al., 2020). CC studies have also shown pro-
jected decline in hydroelectricity generation in the HKH 
region, for example, up to 13% in the Kulekhani Basin 
(Nepal) which is attributed to the decrease in future runoff 
(Shrestha et al., 2021). Hence, our results of the Budhi-
gandaki Basin with a projected 9–13% increase in future 
hydroelectricity generation is comparable to the findings 
of the above-mentioned studies.

Change in future revenue generation

In the base case, dry season contributes about 73% (223 
million USD) while the wet season has a share of 27% (83 
million USD) in the total annual revenue of 36.4 billion 
USD (Fig. 7a). It is clearly seen that future revenue during 
the wet season and also at the annual scale can be expected 
to increase significantly in all the three time-windows for 
both the RCPs (Fig. 7b). Wet season revenue is expected to 
increase by about 20 million USD per year on an average 
for the RCP 4.5 and IF of RCP 8.5 cases. The magnitudes 
are slightly more pronounced for the MF (26 million USD) 
and FF (28 million USD) of RCP 8.5. There is an expected 
decrease in the dry season revenues in all the future cli-
mate scenarios but with a relatively much smaller amount 

Table 2   Comparison of monthly 
and annual energy generation 
(in GWh) of RCP 4.5 and RCP 
8.5 (each averaged over the 
respective time window) with 
the base case

Maximum values of each column are bold-faced
IF immediate future (2021–2050), MF mid future (2046–2075), FF far future (2070–2099)

Energy (GWh) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Base case 365 330 365 353 365 142 272 313 236 278 143 365 3528
RCP 4.5
 IF 365 330 365 354 359 201 349 365 333 319 168 365 3871
 % change 0.0 0.0 0.0 0.0 − 1.7 41.0 28.2 16.6 40.8 14.8 17.2 0.0 9.7
 MF 365 330 365 353 350 179 352 365 353 318 166 365 3861
 % change 0.0 0.0 0.0 − 0.3 − 4.2 26.1 29.3 16.6 49.4 14.4 16.4 0.0 9.4
 FF 365 333 365 349 353 192 352 365 353 321 165 365 3877
 % change 0.0 0.87 0.0 − 1.2 − 3.4 34.9 29.3 16.6 49.4 15.5 15.1 0.0 9.9

RCP 8.5
 IF 365 330 365 353 358 179 283 365 336 356 207 365 3864
 % change 0.0 0.0 0.0 − 0.3 − 1.9 26.1 4.2 16.6 42.3 28.1 45.1 0.0 9.5
 MF 365 330 365 351 356 200 300 365 353 365 235 365 3949
 % change 0.0 0.0 0.0 − 0.8 − 2.5 40.8 10.2 16.6 49.4 31.1 64.4 0.0 11.9
 FF 365 330 365 353 360 210 365 365 353 365 203 365 3999
 % change 0.0 0.0 0.0 − 0.3 − 1.5 47.8 34.2 16.6 49.4 31.1 42.2 0.0 13.3
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(~ 1 million USD). When accumulated over 30 years for 
each time window, the total increase in revenue is about 
600 million USD for RCP 4.5. These cumulative increases 
are 590 (IF), 740 (MF) and 835 million USD (FF) for the 
RCP 8.5 scenario with respect to the base case.

The total cost of constructing the BGHP was calculated 
to be 2550 million USD in 2015 (BGHP, 2015). Comparing 
this capital cost with the additional estimated revenue as a 
result of CC in this study, it can be seen that CC will have 
an extremely positive impact by earning the cost required 
for construction of an additional STP with approximately 
30% generation capacity (~ 1015 GWh annually) of the pro-
posed BGHP. The annual energy consumption of Nepal was 
14.5 Mtoe (169 TWh) for the fiscal year 2019/020 (MoF, 
2021) out of which liquified petroleum gas (LPG) was 
449,063 metric tonnes1 (equivalent to 6295 GWh). LPG has 
an approximately 3.7% share of the total energy consump-
tion of Nepal. Thus, these figures clearly indicate that about 
16% of the current national LPG consumption of Nepal can 
be substituted by the CC-induced additional energy from a 
single BGHP project. Furthermore, the national trade deficit 
for the fiscal year 2019/020 was 11.37 billion USD out of 
which 1.80 billion USD (~ 16%) was from fuel import (MoF, 
2021). The estimated additional revenue generation due to 
CC from the BGHP alone in the high emission scenario is 
capable of replacing 28 million USD (more than 1.5%) of 
the national fuel import. These are significant contributions 
to the economy especially for a developing country, like 
Nepal, which is largely dependent on hydroelectricity for its 
electricity and overall energy needs. Upscaling this value to 
the national level considering all the proposed and planned 
STPs in Nepal possesses the capacity to displace the existing 

fossil-fuel consumption by hydroelectricity (clean renewable 
energy) with tremendous surplus economic benefits.

Additionally, it is seen that exploitation of the available 
hydroelectricity potential is governed by the economic 
condition and availability of water resources of a country. 
For example, the Scandanavian countries, Australia, New 
Zealand, Japan and Canada have already exploited a large 
share of their hydroelectricity potential and are switching to 
other forms of renewable energy to meet the future energy 
demands (Gunturu & Hallgren, 2017; Amir Jabbari & 
Nazemi, 2019; Wagner et al., 2019; Poletti & Staffell, 2021). 
As a result, the impacts of CC on hydroelectricity generation 
of these countries are expected to be less. Another notable 
example is China which has generated about 3000 GW from 
hydropower mainly due to its financial capacity, resources 
and technology (Liu et al., 2016; IEA, 2020; Qin et al., 
2020). However, Africa is able to harness only less than 3% 
of its total hydro-potential because of the lack of budget to 
construct megaprojects despite having a tremendous amount 
of water resources available (Hamududu & Killingtveit, 
2016; Mtilatila et al., 2020; Uamusse et al., 2020), a condi-
tion very similar to Nepal (Jha, 2011). Brazil has exploited 
a considerable amount of its hydroelectricity potential and 
supplies about 30% of the total electricity consumption to 
the other South American countries. As a result, there is 
an equally large risk because of possible reduction in its 
power generation due to CC (Caceres et al., 2021; de Faria 
& Jaramillo, 2017; de Jong et al., 2018, 2021; de Oliveira 
et al., 2017; de Queiroz et al., 2019; Donk et al., 2018). 
Countries which are already heavily reliant on hydroelec-
tricity need to assess the impacts of CC seriously for energy 
security and economic loss minimization, amidst uncer-
tainties. Moreover, developing countries like Nepal with a 
high hydroelectricity potential should harness the benefits 
of this clean renewable energy technology both in terms of 

Fig. 7   a Seasonal revenue generation and their share on the annual 
revenue for the base case. b Change in dry season (orange bars), wet 
season (blue bars), annual (green bars) revenue generation compared 
to the base case for the two future climate change scenarios (RCP 4.5 

and RCP 8.5) and three time-windows: immediate future (IF: 2021–
2050); mid future (MF: 2046–2075) and far future (FF: 2070–2099); 
red dots show the total cumulative revenue change in 30  years for 
each time window

1  http://​noc.​org.​np/​import accessed on 28 July 2021.

http://noc.org.np/import
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its contribution to greenhouse gas reduction and economic 
gains from increased revenue.

Conclusion

This research evaluated the impacts of CC on the water-
energy-economics-continuum considering a storage type 
hydroelectricity project over a time horizon of a century. An 
ensemble of different CC scenarios for two RCPs (4.5 and 
8.5) and three 30-year time-windows (IF, MF, FF) derived 
in a previous study by the same research team (Marahatta 
et al., 2021a) was used as input to the analysis. A set of res-
ervoir operating rules was derived for the BGHP consider-
ing the baseline flows, terrain data and other site constraints 
such that dry season (December–May) energy is maximized. 
Utilizing the same operating rules and monthly average 
flows for the baseline and future time-windows, energy 
for the respective cases were determined and compared at 
monthly, seasonal and annual timescales. Furthermore, the 
corresponding seasonal and annual revenues for these sce-
narios were then calculated and also compared with the base 
case. Results show that future annual energy is expected to 
increase by about 9–13% of the base case which indicates 
an optimistic picture of the future for the hydroelectricity 
sector as a result of CC. Additionally, projected increment 
in future revenue generation is in the range of 20–28 million 
USD annually. Significant gain in the wet season as well as 
annual revenue due to additional energy generation is an 
anticipated positive economic impact of CC.

It can be surmised that in areas where future flow and 
hydroelectricity generation are expected to increase, oper-
ating rules based on the historical baseline conditions are 
likely to turn out to be inefficient. Hence, provision of flex-
ible operating rules in the energy/hydroelectricity policy 
considering future hydro-climatic conditions is required. 
Additionally, regions where decreasing flow and/or hydro-
electricity generation are expected in the future, other alter-
native sources of renewable energy like wind, solar and 
geothermal are to be explored for future energy security. 
Furthermore, revenue aspects such as the power purchas-
ing rates, rebates and subsidies, penalties, among others, 
should be revised accordingly considering future projected 
conditions for the sustainability of the hydroelectricity pro-
jects. It is felt necessary for developing countries like Nepal 
with a high hydroelectricity potential to harness the benefits 
of this clean renewable energy technology for greenhouse 
gas reduction along with economic gains from increased 
revenue.
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Rainfall Station at Chhekampar (Index no. 

833) 

Rainfall Station at Arughat (Index no.1002) 

Rainfall Station at Chunchet (Index no. 869) 

Rainfall Station at Salleri (Installed in 2020) 

Rainfall Station at MachhaKhola (Index no. 

840) 

Rainfall Station at Jagat (Index no. 801) 



Hydrological Station BG-Ka at Tatopani 

(2009) 

Hydrological Station BG-Ka at Tatopani 

(2021) 

Hydrological Station BG-Kha at Machha 

Khola (2009) 

Hydrological Station of Budhigandaki River at 

Arughat (Station no. 445) 

Hydrological Station BG-Kha at Machha 

Khola (2021) 

Gauge House of Budhigandaki River at 

Arughat (Station no. 445) 



Hydrological Station of Budhigandaki River at 

Dam Site (2013) 

Budhigandaki Tom Khola Confluence 

Budhigandaki River at Arughat 

3-D View of Proposed Dam of Budhigandaki 

HEP  

Proposed Dam Site of Budhigandaki HEP 

With Former VDC Chairperson of 

Chumchet 
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