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ABSTRACT 

Effective watershed management is crucial for growth, sustainable development, protection of 

the environment, and prosperity of nation. Due to lack of watershed-wide hydrological data from 

in situ platforms, whether they are real time or historical, water management has been quite 

challenging. Under such circumstances, hydrologic models forced with widely available satellite-

based datasets can be useful. Keeping this in mind, and availability of hydro-meteorological 

dataset, the present study was carried out to evaluate applicability of physically based VIC 

hydrologic model over Upper Ganga Basin up to Garhmukteshwar. Calibration, uncertainty 

analysis and validation of the VIC model on daily basis, was carried out for the years 2009 to 

2010. A good agreement between the simulated and observed hydrographs for discharge 

indicates very good performance of the VIC model. After successful validation of the model 

output maps of runoff, ET and soil moisture were developed. Furthermore, Soil Water Index 

(SWI) was estimated using Scatterometer data and VIC derived soil moisture has been utilized 

for the development of an equation for soil moisture estimation using SWI. The correlation 

coefficient between VIC derived soil moisture and SWI was found to be good which indicated 

the potential of estimation of soil moisture using remote sensing datasets. 
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CHAPTER 1 

1 INTRODUCTION 

 General: 

Water resources assessment plays vital role concern to whole living things on earth to all extent. 

Water availability and distributions are a major key role in water assessment. As per the definition 

of the UNESCO/WMO, (1992) in the International Glossary of Hydrology water resources 

assessment is the “Determination of the sources, extent, dependability and quality of water 

resources for their utilization and control”. Water resources of the basin are reckoned by the 

natural flow in a river basin. “Water resources assessment aims to measure quantity and quality 

of the water in a system, including data collection, data validation, and water accounting 

techniques, using both ground and remote sensing”.  

The quantitative assessment of discharge in catchments will provide information of changes in 

the river basin. This can be obtained by Land Use/Land Cover (LULC) changes over catchment 

area in long term. Which intern is related to quantitatively estimate of the Hydrological variables 

like, surface run-off, Evapotranspiration etc. 

Since Water resources assessment manages estimating, gathering and dissecting parameters on 

the quantity and nature of water assets for advancement and a superior administration of water 

assets, the required information accumulation for the examination unit turns into a testing errand. 

For any study the main challenging task is to collection of the data for assessment of the quality 

and quantity of the water resources. To assess and analyse the water parameters, in the 

perspective use of resources development and management issues reliable precise measurements 

methods useful.  

In terms of climate scenarios, numerous studies of hydrological responses have been divided into 

two types, hypothetical scenarios and projections from general circulation models (GCMs) (Yu 

et al., 1999; Jones et al., 2006). Bao et al. (2012) investigated the hydrological responses 

(streamflow, soil moisture, and actual evaporation) to climate change for the Haihe River Basin 

of China and found that streamflow is much more sensitive than evapotranspiration and soil 

moisture to climate change. Fu et al. (2007) indicated that increase in precipitation could result 

in the increase in streamflow for a watershed in the Pacific Northwest, the United States; 

conversely, a decrease in precipitation could lead to the reduction in streamflow. 
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In the past, various hydrological models have been used across the world for the determination 

of hydrological variables i.e surface run-off, Evapotranspiration, infiltration, discharge 

measurement. Each model is having unique characteristics and their results are comparable to 

other. Some models require simple format data of inputs and also has limitations. All the 

hydrological models require basic data of rainfall, temperature (Maximum and Minimum), Wind 

velocity, LULC, Soil classification, LAI and other parameters.  

The VIC model is a physically-based hydrological model, which was developed by Liang et al. 

(1994) and later improved by Lohmann et al. (1998). The model considers two types of runoff 

yield mechanisms, infiltration excess and saturation excess. The total runoff estimates of the VIC 

model consist of surface flow and base flow (Habets et al., 1999). The VIC model has been 

widely applied to a wide variety of sub-basins (Liang and Xie, 2001; Bao et al., 2012; Wang et 

al., 2012). In comparison with other hydrological models, the VIC model has advantages of 

physically-based interpretation, wide suitability for different climatic zones, and good 

performance for discharge simulation (Zhang and Wang, 2014). 

 Necessity of hydrological models 

The Objective of any modelling depends on the scope and requirement of the study. There are 

two main core objectives for hydrological modelling. Firstly, to understand the variations in 

hydrological variables and effects from these variations in the river basin. Secondly, to synthesise 

the hydrological data for better prediction and forecasting. From these models impact over 

catchment by natural or human interventions may be studied by land use or climatic parameters 

easily. In hydrological modelling, conceptual methods are commonly used to represent important 

components to correlate input to output data.  

 Role of Remote Sensing and GIS in Hydrological Modelling 

Adaptation of better data in a hydrological model will produce valid outputs. Climatic parameters 

play a major role in the hydrological study. Variations in the spatial and temporal change in these 

parameters are measured easily by remote sensing data. Hence with the help of physical based 

hydrological model output parameters like precipitation, ET, soil moisture, etc. after integration 

with remote sensing data will simplify in the field of water resources and management. 
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 Variable Infiltration Capacity (VIC) Model 

Variable Infiltration Capacity Model has both a hydrologic model and land surface scheme. 

Model balances both water and surface energy budgets within a grid cell, by semi-distributed 

macroscale level. Changes in the sub-grid are statistically captured by the VIC model. Variable 

Infiltration Capacity model gives a more realistic hydrology. Post-processing of the VIC outputs 

in order to simulation process works with linear based transfer function independent routing 

model (Lohmann, et al., 1996; 1998a; b). 

 Research Gap/Rationale 

In India like country, hydrology has been hampered by lack of data, but there has been some 

change recently. Data about human interventions on the other river basins are not widely 

available, and so many studies have ignored them in their models. There is not enough monitoring 

of water flows through rivers in the country, and often data about river flows are not released 

Collection of data is not always monitored and controlled for quality. Even when data are 

available, state agencies have been reluctant to share them because of inter-state disputes and 

political sensitivities. 

 Objectives 

Major objectives of the study are as follows: 

1. Calibration and validation of the VIC model for simulation of discharge. 

2. Application of VIC model for estimation of soil moisture and evapotranspiration. 

3. Estimation of soil moisture using Scatterometer data. 
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CHAPTER 2 

2 REVIEW OF LITERATURE AND OVERVIEW OF VIC MODEL  

This chapter encompasses review of past research studies related to VIC model, overview of 

VIC hydrological model, working principle of hydrological parameter determination in VIC 

Model and methods of Routing of VIC model.  

 Background 

A literature review is conducted to understand the latest advancement in the related field. 

Research papers published by authors are reviewed to understand the concept and to conduct the 

present study. 

Liang et al. (1996) initial studies were carried over Kings Creek area, Kansas and given an 

impression like, model performed quite well, giving encouragement that the variable infiltration 

capacity (VIC) approach to parameterizing the spatial variability in the land surface properties, 

coupled with a simplified vegetation model, may be sufficient to represent the land surface fluxes 

at the Global Circulation Model (GCM) scale over long-term hydrologic and climatological data 

for Kings Creek. From this study reveal variable infiltration capacity model was formulated by 

the authors. The model formulated for both water and energy balance mode. In this study model 

was run by 2-Layer soil descriptions. The first layer characterized by soil moisture capability and 

second layer descripted by Arno model of conceptualization.  

Abdulla et al. (1996) studied over Arkansas-Red river basin using VIC-2L model of approach 

for generalization of hydrological outputs. Author mentioned once again that model was 

developed for application for large area. Here study area divided into grid wise of 1° resolutions 

and the whole area concise to 61 grids. Input variables for model provided as per the grid data. 

Results from the specific study provides key information on simulated hydrograph generated 

from the model and Evaporation predicted by VIC-2L model over a large scaled area in 

southwestern part of Arkansas-Red river basin is quite well compared with derived values from 

atmospheric moisture budget of the same area. Author also suggested the model performance 

needs improvement and encouraged to ascertain for testing of global hydrological data. 

Nijssen et al. (1997) used VIC hydrological model on a grid-based approach so that output of the 

result can be overlapped by predicted hydrographs for the study area on continental basins.  

Result reveals that annual runoff volumes, as well as hydrograph shapes, were simulated with an 
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acceptable degree of accuracy. From the results, authors suggested the feasibility of method to 

simulate hydraulic fluxes for large scale catchments. They also found that soil parameters 

variations are the main causes for their differences.   

Lohmann et al. (1998) explained routing method of VIC model and elaborated its functions over 

2-layer soil models. It is coupled to a straight directing plan which is streamlined with simulated 

precipitation and streamflow information and is gotten autonomously from the VIC-2L Model. 

In linear routing method, it is clearly mentioned that stream runoff is independent of the travel 

time and errors are second order, which does not have much importance for validation.  In terms 

of VIC model result, clarified as it captures fairly acceptable output over well-distributed soil 

depth and considering unconfined soil stratum type of aquifer. 

Based on the observations from the VIC hydrological model, the patterns developed for soil 

moisture of large range will be sophisticated than other models (Nijssen et al., 2001). They 

mentioned that the collaboration between the recommended, shallow soil layer depth (1m) with 

more profound soil layers isn't cleared in the VIC model. A system for upward dispersion of soil 

dampness and maybe possible coupling with a local groundwater show are proposed as 

arrangements. In the study area of Illinois and central Eurasia, it is concluded that the annual 

cycle and spatial patterns in soil moisture matched well with observed values but soil moisture 

level of simulated data shows lower than the observed data over the study area. Nijssen et al., 

(2001) also explained that the outputs of snow cover extent, runoff component of water budget 

component related to global continental range shows somewhat lower than the observed values 

over north America.  

VanShaar et al. (2002) studied forested catchments of Columbia River and come across the 

outcome that leaf area plays a major role in streamflow generation. Author experienced the 

difference with the other hydrological model like DHSVM and VIC in the study area. In the 

comparison, output of simulated runoff from DHSVM model had sensitive role in land cover 

changes than the VIC Model. They explained the parameterization of input variables like soil 

database and ET calculation in DHSVM model. Considering uniform vegetation cover over the 

catchments and using hydrological model, they studied the sensitivity of the cover area. 

Comparing the output with DHSVM and VIC model in the catchments of Columbia River, stream 

flow and evapotranspiration trends shows similar results on both the models. Also mentioned a 
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clue that, pertaining to DHSVM model groundwater recharge contributes the soil moisture level 

in the roots other than snowmelt and precipitation which option lacks in VIC Model. 

Christensen et al. (2004) studied climatic impacts on hydrology over Colorado basin using 

Variable Infiltration Capacity (VIC) Model for the data derived from statically downscaled GCM 

scenarios. From futuristic climate data of Colorado basin, annual temperature increase in 0.5°C 

warmer climate projects precipitation of 3 to 6% less compared to real values. And there by VIC 

Model produces 10% difference of simulated runoff compared to observed flow. From the 

research authors concludes that, under both activities like industrialization and settlements over 

the catchment area of Colorado basin, annual runoff values decrease from 14 to 17%. 

Yuan et al. (2004) described the hydrological simulation work in Hanjiang River basin using 

VIC-3L model. Study reveals that VIC-3L model supports to assess the water resources based 

on the available climatic parameters. The study carried out at a scale of 25 Km × 25 km resolution 

and mentioned that VIC model predicts flood hazards, water resources management, and land 

and atmospheric interaction mechanism in the basin. Authors mentioned that, based on the future 

climatic data, VIC 3-L model forecast the water resources condition over the river basin and also 

informed that in water balance model, soil heterogeneity and vegetation parameter are the main 

dependent parameter for surface runoff generation.   However, through the study on Hanjiang 

River using VIC-3L model, simulated and observed daily and monthly streamflow at six 

discharge stations shows very goodNash-Sutcliffe efficiency. 

Study of Jha et al. (2005) reveals that SWAT model predicted 14% of the precipitation measured 

on the catchment comes as snow, while the GCM put this rate at 13– 22%. Runoff ranges vary 

from - 49% to +115% over the measured and simulated climate variables from SWAT Model. 

SWAT esteems for yearly streamflow were serially uncorrelated at all slacks and SWAT multi-

model troupe results may give a substantial way to deal with surveying yearly streamflow in the 

study area of UMRB. 

Hu et al. (2007) studied over Weihe River basin, using both hydrological models like VIC-3L 

and SWAT models and it was found that model underestimated the simulated runoff than 

observed stream flow on spring and winter seasons. Also mentioned SWAT model produces a 

higher value than VIC model in simulated runoff at summer season and lower values in winter. 

A critical distinction between demonstrate comes about is the capacity to the reaction of runoff 
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to LUCC. In this study SWAT based hydrological model become more sensitive with respect to 

the Land Use changes than VIC 3-L model. From the facts and Figure authors mentioned 

changing the land use pattern reduces the runoff generation over the study basin. Study clarifies 

that, SWAT model proves the feasible method for watershed model for runoff simulation under 

LUCC. 

Meng & Quiring (2008) found that VIC model produces comparatively better outputs, soil 

moisture sensitivity analysis results in the undistinguished error due to model parameters. VIC 

model parameters Ds, Dsmax, Ws, d1, and d2 are the more predominant in the model 

performance. From these studies, it mentions that model output accuracy does not depends on 

the complexity of the data provided. Soil moisture data output obtained from the model depends 

on both location and time of consideration. Finally, from the observation, concluded that 

simulation of model needed significantly for change in time gap. This study shows that DSSAT 

is more sensitive than VIC Model and climatic parameter affectability is more emphatically 

controlled than by changes in soil properties. 

Warrach et al. (2008) studied the role of soil parameters for streamflow generation in the 

catchment and parameters of soil moisture and Evapotranspiration are accountable to this list. 

The study mentioned that VIC model computes the hydrological parameters over an extent of the 

large area. The recreation of the streamflow insufficiencies in the hydraulic conductivity 

parameterization and the connected soil database. Changing the parameterization of the hydraulic 

conductivity and diffusivity and a higher determination soil surface classification prompted the 

huge change in the streamflow recreation. 

Linde et al. (2008) compared hydrological models over Rhine basin. In this study, authors 

performed land surface models of HBV and VIC concepts to the study area. Author suggested 

that meteorological constraining information has an impressive influence on model execution, 

independently to the sort of model structure and the requirement for ground-based meteorological 

estimations. As per the comparison of both hydrological model studies, HBV model predicts 

better outputs than VIC model. Also here researchers suggested that HBV (a semi distributed 

model) is robust and quick for long periodic data of simulation. Overall study of the rhine basin 

preferred HBV model for all climatic conditions. 
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Zhao et al. (2012) studied VIC-3L model performance with different rainfall seasons and it was 

found that results are dominant to the summer oriented catchment zones. Based on the 

observations, VIC-3L model can be well calibrated against the water balance criteria and also 

capable of reproducing observed daily streamflow. In this study authors determined ungauged 

streamflow at 191 catchments over southeast part of Australia. From research over the basin, 

calibration parameters like, b and soil layer depth d2 has wide ranges with varying rainfall zones 

considering all other parameters static. Thickness of soil reduces the peak flow generation and 

reduces the evapotranspiration rate and increases the soil moisture level. For the calibration of 

the model authors selected steepest gradient method of calibration. Outcome of these parameter 

ensured that efficiency has incredibly raised over the study area.   

Ford& Quiring (2013) studied water balance using VIC model over Oklahoma sites. Study 

reveals that soil moisture accountability is not influenced by LAI parameter. Research conducted 

at the Oklahoma site and obtained outputs are considerably matched with the observed in situ 

values for the initial period.  The same procedure conducted to obtain soil moisture over 

Oklahoma area for a drought period in which precipitation is below the normal. Outputs shows 

that, LAI sensitivity directly plays role in soil moisture values obtained. From the conclusion of 

the research, the zonal areas cover under drought severity to monitor the drought management, 

the sensitivity of LAI parameterization plays a vital role in proper functioning in the VIC model. 

Therefore, authors suggested that, for better sensitivity of intensity and drought condition 

monitoring purpose, LAI parameter consideration become most essential under Model 

simulation.   

Livneh et al. (2016) carried out hydrological study over multiple watersheds of the Java Island 

and described the performance of the model. As per the output, the model produced very 

satisfactorily to very good results with Nash Sutcliffe Efficiency (NSE) ranging from 0.31 to 

0.89. The infiltration parameters, Base Flow Index (BFI) and 1/b, which are related to infiltration 

equation of the model are highly correlated. They mentioned that, soil surface pattern plays role 

in direct surface runoff and base flow. In this model performance carried out under Java Island, 

authors came out with better results of NSE. NSE values proves comparatively good to the 

observed values and witnessed that model performance variation depends upon the peak flow 

and soil characteristics. Runoff and baseflow become more sensitive with variations in climate 
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change. Particularly wet season, heavy rainfall occurrence leads to increase in soil moisture 

content and there by generation of surface flow.   

Wang et al. (2017) studied climate change scenarios over Xiangjiang River Basin based on the 

output of 14 GCM model outputs using VIC Model and described that VIC model performs well 

with better execution for hydrometric stations on the river stream of the Xiangjiang River than 

for tributary catchments. To perform the VIC Model simulation, study area divided into 

0.50°×0.50° resolution. The re-enacted yearly releases are essentially connected to the recorded 

yearly releases for all the eight other target stations over the Xiangjiang River basin. From the 

study author mentioned that, Xiangjiang River Basin may encounter water deficiencies actuated 

by environmental change. Output of Model shows the better simulation values over all stations 

coming under the Xiangjiang River Basin. In this study futuristic data are adopted to VIC Model 

to predict the variations in water resources over the river basin for better management practices.   

Narendra et al. (2017) mentioned characteristic feature of VIC Model. From the study, authors 

described as gird wise soil moisture content, unequivocal portrayal of vegetation classification 

and nonlinear baseflow parameter strengths to simulate the hydrological variable. Author 

selected VIC 2-L model for the study of large catchment area for the period of June to Sep or 

monsoon period of 2009. Outcome from the model with respect to NSE and RMSE ranging 0.66 

and 30.03% for daily simulated data and also mentioned that from the uncertain input data, output 

variables simulated from model predicts over and underestimation values. Finally, from the 

results of Tekra study area, researcher concludes that, VIC Model works good over large 

catchment areas. 

 Overview of VIC Model 

2.2.1 General 

VIC model is physically based hydrological model in which water budget components are 

derived. Input variable derived from the satellite remote sensing technique and integration with 

the model, output of water budget parameters has been derived. Parameter like minimum and 

maximum temperature, rainfall, wind speed, soil, and vegetation plays major role in this model. 

Some advantages of the VIC model are as follows: 

1. It runs both the modes i.e., Water Balance and Energy Balance 

2. Captures variations statistically at sub-grid level. 
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3. Three layers of soil profile consideration. 

4. Sub-daily level water budget calculation. 

5. Variable infiltration accountability. 

6. Non-linear base flow. 

VIC is a large scale, semi-distributed macroscale hydrologic model developed by Liang (1996) 

at the University of Washington. VIC balances both the water and surface energy budgets within 

the grid cell, and its sub-grid variations are captured statistically. In this model, 

evapotranspiration is calculated according to the Penman-Monteith equation. VIC model 

includes distinguishing characteristics like, sub grid variability in land surface vegetation classes, 

soil moisture storage capacity, drainage from the lower soil moisture zone (base flow) as a 

nonlinear recession, the inclusion of topography that allows for orographic precipitation and 

temperature lapse rates resulting in more realistic hydrology. It has been extensively used in 

studies on topics related to land use/land cover variations, streamflow observations and effects 

of climate change in the watershed (Hu et al., 2007, Yuan et al., 2004, Zhao et al.,2012). From 

this model reflection from radiations over the surface captures the surface temperature, which 

replace the consideration of air temperature instead of the actual soil temperature.  

The evapotranspiration is a function of net radiation and vapour pressure deficit. Actual 

evapotranspiration is the aggregate of canopy evaporation and transpiration from every 

vegetation tile and bare soil evaporation from the bare soil tile, weighted by coverage fraction 

for each surface cover class. Related with each land cover type are a solitary canopy layer and 

multiple soil layers. The canopy layer intercepts rainfall according to a Biosphere-atmosphere 

transfer scheme (BATS) parameterization (Dickinson et al., 1986) as a function of LAI. Related 

with each land cover class, soil layer 1 (upper zone) and soil layer 2 (lower zone) the upper layer 

(soil layer 1) is intended to dynamic conduct that reacts to precipitation occasions, and the lower 

layer (soil layer 2) receives moisture from the middle layer through gravity drainage, which is 

regulated by a Brooks-Corey relationship (Brooks and Corey, 1988) for the unsaturated hydraulic 

conductivity. The bottom soil layer characterizes seasonal soil moisture behavior and it only 

responses to short-term rainfall when the top soil layers are saturated. The runoff from the bottom 

soil layer is according to the drainage described by the Arno model (Franchini and Pacciani, 

1991). The Conceptual framework of VIC model is presented in Figure 2.2. 
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Figure 2.1: Conceptual framework of VIC model. 

For the routing purpose, VIC model processes the outputs with unique independent routing model 

developed by Lohmann, et al., (1996; 1998a,b). 

The VIC model runs on both water balance mode or water-and-energy balance mode. The water 

balance mode does not explain the surface variation adjustment. In water balance mode it expects 

that the surface temperature is equivalent to the air temperature for the present time step. By 

taking out the ground heat flux solution arrangement and the iterative procedures required to 

close the surface energy balance, the water balance mode requires altogether less computational 

time than other model modes. 

 Working principles of VIC Model 

2.3.1 Water balance: 

Water balance in the follows continuity equation in each time-step:  

𝑑∆𝑆

𝑑𝑡
= 𝑃𝑖 − 𝐸𝑡 − 𝑅                                                                                      …(2.1) 

where, 
𝑑∆𝑆

𝑑𝑡
 = the change of water storage, 

Pi = Precipitation, mm 
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Et= evapotranspiration, mm 

R =runoff, mm.  

For canopy layer interception equation (1) expressed as: 

𝑑Iw

𝑑𝑡
= 𝑃 − 𝐸𝑐 − 𝑃𝑡                                                                                      …(2.2) 

where, Iw = canopy intercepted water (mm),  

       Ec = evaporation (canopy layer) (mm),  

           Pt = througfall (mm). 

2.3.2 Evapotranspiration(Et) 

Estimation of Evapotranspiration in VIC model is as follows:  

a) Canopy layer evaporation (Ec),  

b) Transpiration (Et), 

c) Bare soil Evaporation (Eb). 

Evapotranspiration can be expressed as: 

𝐸𝑡 = ∑ 𝐶𝑛 ∗ ( 𝐸𝑐 + 𝐸𝑡) + 𝐶𝑛+1 ∗ 𝐸𝑏
𝑁
𝑛−1                                               …(2.3) 

where, Ec = Canopy layer Evaporation, 

Et  = transpiration of each vegetation class, 

Eb = bare soil evaporation, 

Cn = nth vegetation fractional tile,  

CN+1= bare soil fraction, and 

∑ 𝐶𝑛 = 1𝑁
𝑛−1     

a) Canopy evaporation (Ec): 

When precipitation occurs over the canopy, it evaporates maximum intercepted value into 

evaporation (Ec, mm) through VIC model under each type of vegetation tile. This canopy 

evaporation may be calculated using the formulation as below: 

𝐸𝑐 = (
𝑊𝑖

𝑊𝑖𝑚
)2/3 ∗  𝐸𝑝 ∗  

𝑟𝑤

𝑟𝑤+𝑟0
                                                            …(2.4) 

where, Wim = Max water that Canopy intercept (mm), 

r0 = Architectural resistance between the canopy and overlying air 

(s/m) 
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rw    = Aerodynamic resistance (s/m) =  
1

𝐶𝑤𝑈𝑍
 

Uz   =  wind speed (m/s), 

Cw  = Water transfer coefficient, 

Epet = Potential evapotranspiration(mm)  

𝜆𝑣𝐸𝑝 =  
∆(𝑅𝑛−𝐺)+ 𝜌𝑎𝐶𝑝

(𝑒𝑠− 𝑒𝑎)

𝑟𝑎

∆+ 𝛾
                                                     …(2.5) 

Where, 𝜆𝑣 = Latent heat of evaporation (J kg), 

Rn = Net radiation (W/m2 ),  

G = soil heat flux density (W/m2),   

(es - ea) = saturation vapour pressure deficit (Pa) 

 ρa = Density of air pressure (kg/m3),  

Cp = Specific heat of air (J/(kg K)), 

 Δ = slope vapor pressure (Pa/K), 

γ = Psychrometric constant (KPa). 

Canopy evaporation may vary, in case intercepted water cannot meet the atmospheric demand 

due to lower rate of continues rainfall than canopy evaporation within time period. The equation 

for such condition may be written as, 

𝐸𝑐 = 𝑓 ∗ 𝐸𝑐                                                                         …(2.6) 

Where, f = Fraction of intercepted water,  

 𝑓 = min (1,
𝑤𝑖+𝑃∗𝛥𝑡

𝐸𝑐∗𝛥𝑡
)   

b) Transpiration (Et): 

Transpiration of vegetation estimated using the formulae: 

𝐸𝑡 = (1 − (
𝑊𝑖

𝑊𝑖𝑚
)

2

3
) ∗  𝐸𝑝 ∗  

𝑟𝑤

𝑟𝑤+𝑟0+𝑟𝑐
            …(2.7) 

rc = Canopy resistance (s/m)  

𝑟𝑐 =  
𝑟0𝑐 ∗ 𝐺𝑡 ∗ 𝐺𝑣𝑑 ∗ 𝐺𝑃𝐴𝑅 ∗ 𝐺𝑆

𝐿𝐴𝐼
 

Where, r0c = Min canopy resistance (s/m), 

Gt = Factor for temperature,  

Gvd = Factor for vapour pressure deficit,  

GPAR = Factor for photosynthesis active radiation flux,  
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Gs = Factor for soil moisture,  

Transpiration through vegetation may occurs two different conditions. First criteria for single 

step of time log evaporation through canopy layer and secondly through transpiration but not 

canopy evaporation. equation for such conditions as mentioned below. 

𝐸𝑡 = (1 − 𝑓) ∗  𝐸𝑝 ∗  
𝑟𝑤

𝑟𝑤+𝑟0+𝑟𝑐
+ 𝑓 ∗ (1 − (

𝑊𝑖

𝑊𝑖𝑚
)

2

3
) ∗ 𝐸𝑝 ∗  

𝑟𝑤

𝑟𝑤+𝑟0+𝑟𝑐
   …(2.8) 

Where, f is the fraction of time 

Here, first term mentions canopy evaporation for time step and second term part of both canopy 

evaporation and transpiration at a time step. 

c) Bare soil Evaporation (Eb):  

Actual process of bare soil mode of evaporation occurs on top thin layer of soil. When soil is not 

fully saturated then such type of condition model performs the function on the principle of Arno 

formulation to determine the evaporation rate of the soil.  

 

2.3.3 Runoff:  

For runoff generation VIC model adopts variable infiltration curve to admit the spatial 

heterogeneity of the zone (Zhao et al., 1980). In this model runoff of the area generates from the 

upper layers of soil when soil moisture attains field capacity. Over which occurrence of 

precipitation leads contribution to runoff with the lag time. And for the base flow VIC model 

considers Arno concept of algorithm (Franchini and Pacciani, 1991; Todini, 1996). Liang et .al 

(1996) explained initially in the study, the working procedure of genetic algorithm of VIC-3L 

for determination of soil moisture and runoff parameters. 

Total runoff Q is expressed as: 

𝑄 = ∑ 𝐶𝑛 ∗ (𝑄𝑑
𝑁+1
𝑛−1 + 𝑄𝑏)                                                                 …(2.9) 

 

Where Qd (mm) = the direct surface runoff and  

                Qb (mm) = and base flow for nth land cover tile. 

 

Direct surface runoff, Qd : The thin layer of upper soil surface has very small level of water 

holding capacity. To calculate the direct surface runoff each time lag for upper layers of D1 and 

D2, it is given by: 
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𝑄𝑑 = {
𝑃 − 𝑍2 ∗ (𝜃𝑠 −  𝜃2) + 𝑍2 ∗ 𝜃𝑠 ∗ (1 −

𝑖0+𝑃

𝑖𝑚
 )

1+𝑏

, 𝑃 + 𝑖0 ≤ 𝑖𝑚

𝑃 − 𝑍2 ∗ (𝜃𝑠 −  𝜃2),                                                       𝑃 + 𝑖0 ≥ 𝑖𝑚 
           …(2.10) 

Where, io, im and b are infiltration capacity factors. 

Sub surface runoff (base flow) Qb : 

For formulation of base flow VIC model applies Arno model conceptualisation, which is 

expressed as below: 

𝑄𝑏 = {

𝐷𝑠𝐷𝑚

𝑊𝑠𝜃𝑠
𝜃3,                                                            0 ≤ 𝜃3 ≤ 𝑊𝑠𝜃𝑠

𝐷𝑠𝐷𝑚

𝑊𝑠𝜃𝑠
𝜃3 + (𝐷𝑚 −  

𝐷𝑠𝐷𝑚

𝑊𝑠
) ∗ (

𝜃3−𝑊𝑠𝜃𝑠

𝜃𝑠−𝑊𝑠𝜃𝑠
)

2

, 𝜃3 ≥ 𝑊𝑠𝜃𝑠 
                        …(2.11) 

 

Where, Dm = Max subsurface flow (mm/day), 

Ds = Fraction of max subsurface flow (Dm), 

Ws = Fraction of soil moisture,  

GPAR = Factor for photosynthesis active radiation flux,  

Gs = Factor for soil moisture,  

2.3.4 Soil moisture:  

As per assumptions of VIC model there is no lateral flow from the top two soil layers. Therefore, 

soil moisture movement in the top two layers are described by one dimensional equation 

explained as shown below: 

𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐷(𝜃)

𝜕𝜃

𝜕𝑧
+

𝜕𝐾(𝜃)

𝜕𝑧
                                                  …(2.12) 

Where, θ = vol soil moisture content, 

∂θ = soil water diffusivity (mm2/day), 

Kθ = hydraulic conductivity (mm/day), 

And Z = depth of soil (m). 

Integrated with the atmospheric forcing, soil moisture for the layers may be elaborated as: 

𝜕𝜃

𝜕𝑡
∗ 𝑍𝑖 = 𝐼 − 𝐸 − 𝐾(𝜃)│−𝑍1 + 𝐷(𝜃)

𝜕𝜃

𝜕𝑧
│−𝑍1 (𝑖 = 1,2)                   …(2.13) 

Where, I = Infiltration rate (mm/day), 

Zi = Z1 and Z2 depth of soil layers, 

For baseflow, that is the lower soil layer sub surface drainage are lumped and formulation derived 

based on large scale hydrology. 
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𝜕𝜃3

𝜕𝑡
∗ (𝑍3 − 𝑍2) = 𝐾(𝜃)│−𝑍2 + 𝐷(𝜃)

𝜕𝜃

𝜕𝑧
│−𝑍2 − 𝐸 − 𝑄𝑏(𝑖 = 1,2)                …(2.14) 

In this equation, term evapotranspiration (E) comes to active if vegetation roots go through lower 

soil layer then evapotranspiration. Otherwise E will be zero (0) for bare soil layer of evaporation. 

 Routing of VIC model 

From the simulated fluxes, using separate routing model developed by Lohmann, et al. (1996, 

1998) for routing the stream flow as described through Figure 2.2 below. In the simulation part, 

model run on water balance mode only. The simulation results are obtained in the form of daily 

fluxes for individual latitude and long gird cell. The output contains runoff, baseflow and other 

default outputs which are in model criteria at single instance.   

 

Figure 2.2: Schematic map of VIC routing model. 

Total runoff and baseflow of each individual grid cell concentrated to a single point representing 

through unit hydrograph from its origin to channel network. In the model each grid cell represents 

the node in channel network. Using the saint venant’s two-dimensional equation for routing each 

grid cells to the streamflow of the river. 
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CHAPTER 3 

3 STUDY AREA AND DATA USED 

 General 

This chapter documents, description about study area briefly stated. As well as collection process 

of data which are required to setup and run the VIC hydrological model. Output from the 

hydrological model depends on the input data quality which are provided for analysing in the 

model. Highlighting to the importance of data quality, spending time to collecting and processing 

feasible data to run the model over the study area of Upper Ganga basin.  

3.1.1 Study area map 

The Ganga river is one of the prime rivers of India and it flows east through the Gangetic plains 

of Northern India.  

 
Figure 3.1: Location map of the study area 
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The Ganga River has many tributaries, both in the Himalayan region before it enters to the 

plains at Haridwar and further downstream before its confluence with the Bay of Bengal. In 

this study, Ganga sub-basin is selected up to Garhmukteshwar CWC G& D site, which comes 

under Upper and Middle Ganga basin area and lies between 77.59°E to 80.58°E longitude and 

28.51°E to 31.46°E latitude (Fig. ). Total area of the basin is about 29,899 km2 and total length 

of the river from its origin to its outlet is about 290km. (Source: http://india-wris.nrsc.gov.in) 

3.1.2 Topography 

Topography of Ganga basin widely divided into three groups the Himalayan Fold Mountains, 

the Gangetic plain, and the central Indian highlands. The study area for the research falls under 

the Gangetic plains, in which the main stem of Ganga lies and constitute the most of the sub-

basin situated between the Himalayan plateau and the Deccan plateau. Therefore, it is a valley 

of alluvial formation due to vast flat deposition of sediments transported from higher peak 

rising from an elevation above 7000 m to below elevation of 300m. Thus, the zone ideally suits 

for the intensive cultivation.  

3.1.3 Climate and Rainfall: 

The hydrologic cycle in the Ganga basin is governed by the southwest monsoon. About 84 

percent of the total rainfall occurs in the monsoon from June to September. The mean maximum 

daily temperature even in the coldest month (January) does not fall below 21°C (except in the 

higher hills). Whereas the air temperature starts rapidly rising all over Ganga basin from March 

onwards, beginning a hot season that prevails from April to June. The annual rainfall ranges from 

400 - 2000 mm (Average) (India-WRIS) in which 80% percent of the rainfall occurs during the 

monsoon months i.e. between June and October. (Source: http://india-wris.nrsc.gov.in) 

3.1.4 Geology: 

The Indo-Gangetic fields in which the investigation zone lies, are expansive, tedious, level fields 

developed of quaternary alluvium was brought around the waterways depleting the Himalayas 

and which frames the significant unit in, the topography of the Indian subcontinent. It 

incorporates the colossal alluvial tract of the Ganges. Geologists trust that underneath the alluvial 

covering, there is a calculable assorted variety in the constituents of a stone arrangement. The 

gauge of the thickness of the Ganga alluvium has been gone from around 15 km to 4.5 km.  

 

http://india-wris.nrsc.gov.in/
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 INPUT DATA  

3.2.1 DEM 

For the study of this basin, Shuttle Radar Topographic Mission (SRTM) 90 m digital elevation 

model (DEM) (Fig. 3.2) was acquired from www.cgiar-csi.org. Elevation ranges from the lowest 

value of 197 m downside of the map near Garhmukteshwar, CWC G&D site to highest value of 

7512 m in peak area of mountain range.  

 

 

Figure 3.2: Digital elevation model of the study area. 

3.2.2 Soil  

Soil texture file acquired from NBSSLUP (1:250000 scale) for the study area. Table 3.1 showing 

below explains classified soil texture and area of soil type in the basin. Total study area of 28,922 

Sq.km bifurcated into 6 types of soil class, loamy soil which contributes the highest value of 

http://www.cgiar-csi.org/
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54.67% to the lowest range of Clayey soil 2.65%. Figure 3.3 shown below mentions the spatial 

coverage of each soil class in the study area. 

Table 3.1: Soil texture information of the study area basin map. 

S. No. Soil class Area (sqkm) Area in % 

1 Sandy soil 3311.48 11.44 

2 Loamy Soil 14976.54 54.67 

3 Clayey 75.54 2.65 

4 Loamy-skeletal 4702.17 16.25 

5 Rock outcrops 3358.69 11.61 

6 Glaciers and rock outcrops 1660.46 5.74 

 Total 28,922.00 100.00 

 

Figure 3.3: Soil texture map of the study area. 
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3.2.3 Satellite Images 

Satellite images of Landsat-8 (OLI) (30m resolution) have been downloaded from USGS 

webpage (http://earthexplorer.usgs.gov) for preparation of LULC map. Details of Satellite 

images for the study area are enlisted in table 3.2.  

Table 3.2: Satellite image downloaded path 

S.No Satellite (Sensor) Path-Row Date of pass Spatial 

Resolution 

1 Landsat-8 (OLI) 144-41 19-Sep-2016 

30m 

2 Landsat-8 (OLI) 145-38, 

145-39, 

145-40, 

145-41 

19-Sep-2016 

3 Landsat-8 (OLI) 146-38, 

146-39, 

146-40, 

146-41 

19-Sep-2016 

 

3.2.4 Climatic parameters. 

VIC is physical based model, in this study model was run on water balance mode. Meteorological 

parameter file is one of the main variable required to run the model. To prepare the 

meteorological file the below mentioned data are essential: 

a) Temperature 

Daily basis maximum and minimum air temperature data for the 25 years period of 1990 to 2014 

acquired from India Meteorological Department (IMD), Pune at a grid size of 1° × 1° spatial 

resolution for basin area. 

b) Rainfall 

Similarly, Rainfall data of the study area for the period of 1990 to 2014 acquired from Indian 

Meteorological Department’s (IMD) at a grid size of 0.25° × 0.25° resolution for basin area. 

c) Wind Speed 

Along with Temperature and Rainfall, Wind Speed data are essential. wind speed data plays vital 

role for determination of evapotranspiration (ET). Station wise wind data are available in NCDC-

GSOD (ftp://ftp.ncdc.noaa.gov/pub/data/gsod/GSOD_DESC.txt) database. For this study, 

nearby station data are gathered for preparation of meteorological forcing file. 

http://earthexplorer.usgs.gov/
ftp://ftp.ncdc.noaa.gov/pub/data/gsod/GSOD_DESC.txt
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CHAPTER 4 

4 METHODOLOGY 

 General 

In this chapter, processing of input data to required format for compile VIC model. As model 

output depends on the quality of input provided to the model. Indian meteorological data, Global 

weather data and satellite images are processed limiting to study area underlying importance of 

time. The process of input data which are used are described as below. 

 Overview of Methodology: 

The accompanying stream diagrams portrays the overall approach to run the VIC model on study 

area: 

 

Figure 4.1: Flow chart explaining approach of work. 



23 

 

 Watershed delineation and Grid Preparation  

From the downloaded SRTM DEM of 90 m resolution, catchment of the study area is delineated 

(Fig. 4.2) using ArcGIS 10.4 application through various tools such as Fill, Flow direction, and 

Flow Accumulation basin.  

 

Figure 4.2: Watershed map of the study area. 

Basin map of the study area lying between 77.59°E to 80.58°E longitude and 28.51°E to 31.46°E 

latitude. Using ArcGIS software, grid map (0.25°×0.25° grid size) of the study area have been 

prepared (Fig. 4.3). Grid prepared contains 13 rows and 12 columns, starting from the upper left 

corner and going the right-downward direction and numbering for each grid cell was accordingly.  
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Figure 4.3: Grid map of the study area. 

 Meteorological Data preparation 

Temperature (Max, Min), data acquired from the India Meteorological Department (IMD), Pune 

are at 1° × 1° grid size. To run the model, we need the dataset at 0.25° × 0.25° resolution. To 

make the dataset at same spatial resolution we need to do the interpolation. The methodology 

adopted for preparation of temperature and wind data is as follows: 

1. Gridded data are sorted and added to ArcGIS 10.4 

2. Using ArcGIS tool, shapefile created with Latitude and Longitude.  
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3. Interpolation of data using Inverse Distance Weighted (IDW) method in ArcGIS 

software. 

4. Converting raster file to ASCII using conversion tool in ArcGIS. 

5. Similarly, wind speed data are formatted to VIC model requirement. 

6. Figure below shows the Format of a meteorological forcing file of a particular grid (Lat 

28°30’ and long 78°45’)  

 

Figure 4.4: Sample meteorological forcing file of single grid. 

 Vegetation Parameter and vegetation library 

For preparation of vegetation files first we need to prepare LULC map. For this, we used Landsat-

8 imagery. Satellite images were pre-processed (Stacking, Mosaicing etc) and K-means method 

under unsupervised classification was used to do the classification in ERDAS software. Image 
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was clustered into 200 groups and each group was identified with the help of high resolution 

images of Google Earth and field data.  After the classification, data are imported to ArcGIS 

10.4software and reclassified into 7 categories to obtain LU/LC map of the basin as shown below 

in Fig: 4.6.  

Flowchart for LULC map generation may be shortened as (Fig. 4.5): 

 

Figure 4.5: Flowchart of LU/LC map preparation method. 

Table showing below showing classification of land use/ land cover of the study area. In which 

basin map is classified into 7 categories to easily understand variations in the study area. Which 

are covering like the Agricultural land of 22.20%, Forest of 51.11%, Shrubs and bushes of 

14.98%, Barren land of 1.65%, Snow and ice of 9.03%, Water bodies of 0.565%, and urban areas 

of 0.455%. Details are enlisted in Table.3 below: 

Table 4.1: showing LULC classification of the study area basin map. 

S.no Class Area in Sq.km Area in % 

1 Agricultural land 6,419.88 22.20 

2 Forest 14,781.03 51.11 

3 Shrubs and bushes 4,334.40 14.98 

4 Barren land 1,578.23 1.65 

5 Snow and ice 2,613.46 9.03 

6 Water bodies 163.40 0.565 

7 Urban areas 131.51 0.455 

  28,922.00 100.00 
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Figure 4.6: Land Use/ Land Cover map of the study area. 

Vegetation information in VIC is isolated into two documents. One of them is vegetation library 

and other is vegetation parameter file. 

a. Vegetation parameter: 

Vegetation parameter file contains the matrix cell ID number, number of sorts of vegetation 

classes at every grid cell, vegetation class ID (Defined in vegetation library), portion of each 

vegetation class in a grid cell, root profundity at various layer, portion of root at various root 

profundity layer, LAI at various months. Monthly TERRA-MODIS LAI data downloaded from 

http://neo.sci.gsfc.nasa.gov/Search.html. Using ArcGIS spatial analysis tool, LAI information 

was extracted for each grid cell. 

http://neo.sci.gsfc.nasa.gov/Search.html
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Figure 4.7: LAI map of the study area. 

Using the land use and land cover data which are prepared in the above section covered 

vegetation parameter file was prepared to run the model. perspective of designed vegetation 

parameter document is appeared in Figure showing underneath: 

 

Figure 4.8: Sample vegetation file of the study area 

b) Vegetation Library: 

Physical condition of the land is depicted by land cover through the land use practices of the area. 

Fluxes creating by the precipitation wholly dependent on the land cover classification and its 

density. Prioritising to the extent of the land cover classification LAI plays key role in fluxes 

generation. Generally, vegetation library file for the model captured from the GLDAS site. In 

this VIC model considers Inter-yearly varieties associated with vegetation highlights and LAI 
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esteems are steady for year to year for a particular class compose. Also, model accounts the 

vegetation roughness, wind height, architectural resistance, minimum stomatal resistance, 

displacement height of vegetation.  

 Soil parameter file 

Soil parameter file comprises data of every lattice cells soil attributes. Soil parameter file alluded 

to be a standout amongst the most critical record relating to VIC model. Every matrix cells having 

exceptional data about soil properties according to the model prerequisite. It concludes the soil 

surface, soil water holding capacity, soil transmission characteristics to reaching precipitation 

into ground surface. For preparation of soil database, study of variability in average temperature 

and mean annual precipitation over the study area required. Figure below shows the glimpse of 

the above mentioned patterns over the basin. 

Average temperature of July month of the study area is required for the preparation of soil 

parameter file. Temperature data for period 1990 to 2014 have been averaged to individual grid 

points. The map below shows the spatial distribution of average July temperature over the study 

area. 

 

Figure 4.9: Map of Average July temperature of the study area. 
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Similarly, mean annual precipitation from period of 1990 to 2014 was prepared as per soil 

database requirement to run the model. Variations of annual precipitation over the basin as 

picturised below: 

 

Figure 4.10: Map of Mean Annual precipitation of the study area. 
From the prepared soil map explained in section 3.2.2 (soil), the classes of soil types are obtained. 

Soil properties of each grid cell produced by soil classes obtained by soil map, Average 

temperature and average annual precipitation produced from IMD data for the study area and 

accordingly soil parameter file was prepared. 

The parameters included in Soil parameter file are as follows (Table 4.2): 

Table 4.2: Soil parameter file information. 

Column 1 active grid indicator 

Column 2 Grid cell number 

Column 3 Latitude of grid cell 

Column 4 Longitude of grid cell 

Column 5 Variable infiltration curve parameter 

Column 6 Fraction of Dsmax where non-linear baseflow begins 

Column 7 Maximum velocity of baseflow 

Column 8 Fraction of maximum soil moisture where non-linear baseflow 
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Column 9 Exponent used in baseflow curve (normally set to 2) 

Column 10-12 Exponent n in Campbell's equation for hydraulic conductivity 

Column 13-15 Saturated hydrologic conductivity 

Column 16-18 Soil moisture diffusion parameter 

Column 19-21 Initial layer moisture content 

Column 22 Average elevation of grid cell 

Column 23-25 Thickness of each soil moisture layer 

Column 26 Average soil temperature 

Column 27 Soil thermal damping depth 

Column 28-30 Bubbling pressure of soil 

Column 31-33 Quartz content of soil 

Column 34-36 Bulk density of soil layer 

Column 37-39 Soil particle density 

Column 40 Time zone offset from GMT 

Column 41-43 Fractional soil moisture content at the critical point 

Column 44-46 Fractional soil moisture content at the wilting point 

Column 47 Surface roughness of bare soil 

Column 48 Surface roughness of snowpack (0.005m~0.2m) 

Column 49 Average annual precipitation 

Column 50-52 Soil moisture layer residual moisture 

Column 53 frozen soil algorithm (if set to 1 then it is activated) 

Sample of soil parameter file is presented in the Figure 4.11:  

 

Figure 4.11: Sample Soil database file for the study area. 
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 Routing file preparation 

After preparation of input parameters files, Linux Operating System has been used to compile 

the VIC source code and to run the model for simulation. After running the model fluxes (such 

as runoff, base flow, soil moisture etc.) have been generated and to compare these fluxes with 

the observed flow, runoff and base flow should be routed to an outlet. Routing of these fluxes 

can be performed in a separate routing model. For routing, flow direction fraction and station 

location files to be created according to the model requirement. Routing model also requires 

typical Unit hydrograph of the basin. The procedure for preparation of required files for routing 

has been discussed in the following sections: 

4.7.1 Flow direction file: 

Working principle of VIC routing model with respect to flow direction is different from the 

ArcGIS: 

1. Flow direction is derived from SRTM DEM by using hydrology tool of ArcGIS through 

generating the Fill and Flow Accumulation grid.  

2. Modification of stream line network is required in developed flow accumulation. Flow 

direction in the grid cells not directed to right course or outside direction grids to be 

converted. 

3. Flow direction file created by ArcGIS counts from east and continuous to clockwise 

direction but in VIC model it starts from north direction as shown in Figure 4.12. 

 

 

 

 

 

 

 

 

 

Figure 4.12: Flow direction code for VIC Model. 
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4. Using raster calculator toolbox in ArcGIS, direction of flow to be modified as shown in 

Figure 4.12. A sample of flow direction file have been presented in Figure 4.13. 

 

Figure 4.13: Flow direction file of the study area. 

4.7.2 Fraction file: 

Fraction file for VIC routing model has been prepared using ArcGIS. Procedure for preparation 

of fraction file is as follows: 

1. Shape file of the study area has been projected into UTM to evaluate the area of each 

grid cell contributing in the flow. 

2. Basin to be intersected to grid cell size of 0.25°× 0.25°. 

3. Dividing the area of the square grid (0.25°×0.25°) to obtain the fraction of flow 

corresponds to each grid. 

a sample of fraction file is presented in Figure 4.14 below. 

 

Figure 4.14: Sample fraction file of the study area. 
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4.7.3 Station location file 

In this study station point selected at Garhmuktheshwar, CWC, G&D site for streamflow output. 

Station location file for the study area prepared in the required text format as mentioned below: 

 

Figure 4.15: Sample Station location file of the study area. 

1.  “1” means route model will be simulated at that location. 

2. Garh: Name of the CWC, G&D site.  

3. 4, and 1: Column, and Row number of Gauging station location in the fraction file. 

4. -9999: Default. 

5. NONE: Default. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

CHAPTER 5 

5 RESULT AND DISCUSSION 

This chapter includes output of initial simulation from VIC model, sensitivity analysis of upper 

layer parameters, calibration and validation of output data obtained by VIC model with observed 

data, estimation of runoff, soil moisture and evapotranspiration and Soil Moisture Estimation 

using Scatterometer Data. 

 VIC Model Setup: 

In the VIC model, whole basin is discretized into number of grids based on the user defined 

threshold and the required spatial and weather datasets as specified in previous chapter were 

prepared using ArcGIS software. The grid size of 0.25°×0.25° has been used in this study because 

precipitation data is available at the same grid size. The Ganga sub-basin was divided into 68 

grids.  

The Hydrological analysis in the VIC model was carried out at grid level, in daily time steps 

using water balance mode. Runoff, base flow, soil moisture and several other parameters were 

simulated for the period of 25 years (1990 to 2014) and subsequently discharge and base flow 

have been routed to the outlet using Lohman’s routing model. In the present study, only one 

outlet was selected because observed flow was available for only one station. Further, simulated 

discharge was compared with the observed flow for the year 2009 (based on the availability of 

observed flow) (Figure 5.1) to check the performance of uncalibrated VIC model.  

 

Figure 5.1: Comparison between the pre-calibrated observed and simulated daily discharge at 

Garhmuktheshwar for the period June-2009 to Oct-2009. 
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Because of highly regulated flow in the study area during non-monsoon season, the comparison 

between observed and simulated flow was done only for the monsoon season. It can be observed 

that simulated flow followed the trend of observed flow Figure 5.2 with coefficient of 

determination (R2) =0.64. However, a Nash Sutcliffe efficiency of 0.38 shows that the results are 

not satisfactory and model calibration is required.  

 

Figure 5.2: Pre-calibrated simulated discharge and observed flow on daily basis 

 Sensitivity Analysis 

Over-parameterization is a well-known and often described problem with hydrological models. 

When the number of parameters in a model are much, it is difficult to select which parameters 

should be calibrated so that the model response mimics the actual field. In such cases, sensitivity 

analysis is helpful to identify parameters that have a significant influence on model simulations 

of real world observations for specific catchment. 

sensitivity analysis was performed to recognize the parameters which are sensitive in for the 

study area. These parameters were changed in accordance with play out a further alignment with 

reference to the literature review of past studies, different adjustment parameters have been 

considered. The depiction, the scopes of parameters and their most proper esteems utilized for 

the study area are listed in Table 5.1: 
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Table 5.1: Sensitive parameters and respective ranges. 

S.No Parameters Description Lower 

boundary 

Upper 

boundary 

default 

1 Ds Fraction of Dsmax where non- linear 

baseflow begins. 

0 1 0.001 

2 Dsmax Max baseflow that can occur from 

the lowest soil layer(mm/day). 

0 ~30 

mm/day 

0.9 

3 Ws Fraction of maximum soil moisture 

where non-linear baseflow occurs. 

This is analogues to Ds. 

0  1 0.001 

4 binf The amount of available infiltration 

capacity as a function of relative 

saturated grid cell area. 

0  ~0.40 0.25-

0.35 

5 Soil Depth 

(d2 and d3) 

In general, for runoff 

considerations, thicker soil depths 

slow down seasonal peak flows and 

increase the loss due to 

evapotranspiration. 

0.1 to 1.5m 

(of each layer) 

d2 - 1.5 

& 

d3-0.22 

In spite of the fact that the VIC model contains numerous parameters, it is more appropriate to 

modify some of these parameters amid adjustment than others. Frequently, the refinement is 

based on how much the parameter esteems can really be observed or measured. Main parameters 

which contributes surface flow are upper layer parameters, which are soil depth (d2 and d3) and 

infiltration curve (bi) and remaining are lower layer parameter. In this study, basically model was 

calibrated to first on upper layer parameters and from the resultant parameter standards, lower 

layer parameters are assigned.    

5.2.1 Sensitivity of depth of soil layers: 

After simulations for various combinations of different soil layer depths (d2 & d3), obtained 

results were compared with observed values using coefficient of determination (R2). As results 

shown in Figure 5.3, best cases are selected. It is observed that, best results are obtained when 

soil layers are D2=1.50m & D3=0.60 m. When D3 soil layer is fully saturated, it increases the 

baseflow.  
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Figure 5.3: R2 for different d2-d3 (soil depths) combinations. 

5.2.2 Sensitivity of infiltration parameter (bi) 

Infiltration (bi) is the parameter that characterizes the state of variable infiltration capacity curve. 

It depicts the measure of accessible invasion limit as a component of relative saturated grid cell 

zone. Higher estimates bring down invasion and yield higher surface runoff. Theoretically, 

infiltration parameter (bi) can take the value between 0 to 0.4. Figure 5.4 indicates the sensitivity 

of bi at different depths of D2. As the depth of second layer of soil increases, coefficient of 

determination (R2) increases with increases in infiltration parameter. Therefore, the infiltration 

parameter is the most sensitive parameter in the present study. 

 

Figure 5.4: Sensitivity of infiltration parameter (bi) for the study area. 
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 Calibration of the VIC Model  

While a significant number of the parameters for the VIC model depends on satellite perceptions 

or topographical studies, some of them are either heterogeneous in space. For calibration 

parameters, either should make suspicions about their esteems or adjust them (find ideal esteems 

for them) that limit the contrasts between simulated yield and Observed gauge. 

A parameter estimation conspires for the land surface model (VIC-3L) is examined. VIC-3L 

parameters are decided for adjustment by an orderly manual alignment approach in the storm 

records of June to October for the catchment to predict the streamflow. 

Comparisons of the simulated results, after calibration demonstrate that the adjusted parameters 

can diminish bias and increment the Nash Sutcliffe efficiency and coefficient of determination 

(R2). An affectability examination on adjusted parameters will indicate which parameters are 

more sensible. In this manner, appropriate adjustment for the parameters (particularly for the 

variable infiltration curve parameter and the profundity of the second soil layer d2) is critical for 

re-enacting in a particular locale. 

The typical approach includes adjustment of six parameters: 

a) The infiltration parameter (bi), which controls the partitioning of rainfall (or snowmelt) 

into infiltration and direct runoff. 

b) d2 and d3, which are the second and third soil layer thicknesses (d1, the top soil layer 

depth)  

c) Dsmax, Ds, and Ws, which are baseflow parameters and furthermore are evaluated through 

adjustment. Dsmax is the most extreme baseflow, Ds is the part of baseflow, and Ws is the 

portion of greatest soil dampness substance of the third soil layer at which non-straight 

baseflow happens. These three baseflow parameters decide how rapidly the water put away in 

the third soil layer is cleared as baseflow. The three baseflow parameters and the third soil 

layer (d3) are utilized with just minor modification amid the alignment, while the infiltration 

parameter (bi) and the second soil layer (d2) are focused for concentrated adjustment. 

The adjustment of these parameters is led through an experimental technique that prompts an 

adequate match of model simulated with observed streamflow. Other than visual examination of 

hydrographs, two target capacities are frequently utilized: 
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• Coefficient of determination (R2): which describes linearity between the modelled 

streamflow as compared to the observed streamflow value.  

R2 = [
 ∑ (Qobs, i − Qav obs, i)(Qsim, i − Qav sim, i)N

i=1

∑ (Qobs, i − Qav obs, i)2N
i=1 ∑ (Qsim, i − Qav sim, i)2N

i=1

]

2

 

• Nash-Sutcliffe efficiency (NSE): which describes the prediction skill of the 

modelled streamflow as compared to the observed streamflow value.  

NSE = 1 −
 ∑ (Qsim, i − Qobs, i)2N

i=1

∑ (Qobs, i − Q̅obs, i)2N
i=1

 

• The Error (Er): between simulated and observed mean streamflow are calculated 

as: 

𝐸𝑟𝑟𝑜𝑟 = Q̅sim −
Q̅obs

Q̅obs

 

Calibration of model was carried out on daily base time scale in which observed flow data was 

obtained from concerned authorities. In this study, data from the month of June, 2009 to October, 

2009 are considered due to availability of observed flow at the outlet for the purpose of 

calibration. The results are provided in Table 5.2. 

Table 5.2: Statistical analysis of observed and simulated daily discharge at Garhmuktheshwar: 

model Calibration.  

S. 

No 

Statistical Indices Streamflow (m3/sec) during June, 2009 to Oct, 2009 

Observed Pre-calibrated Calibrated 

1 Mean 405.29 343.88 381.89 

2 Standard Deviation - 43.42 16.55 

3 Count 153 153 153 

4 R2 - 0.64 0.76 

5 NSE - 0.38 0.65 

6 Error - 0.15 0.06 

After calibration, the values of R2 and NSE obtained for the period of June, 2009 to October, 

2009 are 0.76 and 0.65 respectively and percentage error is 6% (Table 5.2) which indicates that 

the model performance has been improved. 
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Figure 5.5: Calibrated model results showing with daily simulated hydrograph. 

However, Figure 5.5 presents a comparison between observed and simulated flow. From the 

Figure, it is evident that the simulated flow matched very well with the observed flow. However, 

the peak flow is overestimated in some cases. 

 Validation of VIC Model  

Validation of the VIC model was carried out by running the model without changing any 

parameters after calibration and with a different set of input data. For this, total available 

observed data series were divided into two parts i.e. 2009 for calibration and 2010 for validation. 

Validation was carried out on the basis of comparison of estimated and observed streamflow 

during the validation period (June 2010 to October 2010) using statistical indices, viz., coefficient 

of determination (R2) and Nash-Sutcliffe efficiency (NSE) (Table 5.3).  

Table 5.3: Statistical analysis of observed and simulated daily discharge at Garhmuktheshwar: 

model validation. 

S. 

No. 

Statistical Indices Streamflow (m3/sec) during June, 

2010 to Oct, 2010 

Observed  Simulated 

1 Mean 1758.11 1428.31 

2 Count 153 153 

3 R2 - 0.78 

4 NSE - 0.73 

5 Error - 0.18 
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Average streamflow during the validation period was quite high. R2 and NSE values are found 

to be 0.78 and 0.73 respectively which indicates that the model performed well during the 

validation period. 

 

Figure 5.6: Calibration and Validation of VIC model 

Figure 5.6 shows the plot of simulated and observed streamflow for calibration and validation 

period over the study area. From Figure, it can be noticed that, during the validation period, the 

peak of simulated streamflow matched well with observed streamflow. The overall pattern of the 

simulated streamflow during calibration possessed a good agreement with the observed 

streamflow.  

Calibrated and validated model was used for determination of surface runoff, Evapotranspiration 

(Et) and soil moisture over the study area. And the results obtained are described as below:  

 Surface Runoff assessment of the study area 

Surface runoff was generated as output by VIC model. Spatial distribution of the surface runoff 

is presented in Figure 5.7. Highest surface runoff (980 mm) was observed in the month of August 

while that of lowest (0.01 mm) was observed in the month of October.  
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Figure 5.7: Surface Runoff Maps of the study area. 

From the above Figure, it can be observed that surface runoff is higher in the hilly regions 

whereas the same is lower in the flat regions of the catchment. This can be attributed to the higher 

slope and consequential lower infiltration rate in the hilly regions and vice versa. The higher 

slope leads to reduction in the opportunity time to infiltrate and hence produces higher runoff.  

 Estimation of soil moisture using VIC model: 

Soil moisture for the study area was also generated from the simulation of VIC model. The 

cumulative monthly soil moisture ranges from 43mm to 155mm. spatial distribution of moisture 

level for the period of June to October of 2010 is presented in Figure 5.8. 
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Figure 5.8: Soil Moisture Maps of the study area. 

From the maps, highest and lowest soil moisture values were observed in September and October 

months respectively. Maps are indicating that soil moisture values are highest in the upper region 

of the study area. These results are very useful for irrigation scheduling and drought related 

studies in the basin. Further, these results have been used as benchmark for the estimation of soil 

moisture using the Scatterometer data. 

 Estimation of Evapotranspiration: 

Evapotranspiration was generated by VIC model. The spatial distribution of ET over the study 

area is presented in Figure 5.9. ET values range between 229 mm to 406 mm across regions 

within the catchment. 
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Figure 5.9: Evapotranspiration Maps for the study area. 

ET depends on the vegetation transpiration, canopy evaporation and bare soil evaporation. From 

Figure 5.9, it can be observed that forest and croplands indicating high ET values in the month 

of June. However, the mountainous region yields high ET values in subsequent months. 

 Soil Moisture Estimation using Scatterometer Data 

Backscattered signal measured in the microwave region of the electromagnetic spectrum at low 

frequencies contains substantial information about soil moisture (Ulaby et al., 1982). Several 

authors have proposed methods for retrieving soil moisture from Scatterometer data (Woodhouse 

and Hoekman, 2000; Zine et al., 2005). In the past studies, it was found that the variation in the 

backscatter coefficient is mainly due to variation in the soil moisture content. Owing to the 

absence of observed soil moisture data for the period under investigation and an excellent 

reconciliation of VIC streamflow with that of observed data, the soil moisture generated by VIC 

is set as a reference for evaluation of Scatterometer derived product i.e. Soil Water Index (SWI) 

In the present study, methodology adopted for the estimation of soil moisture using Advance 

Scatterometer (ASCAT) data is as follows: 
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1. ASCAT 2-daily backscatter coefficient data at VV polarization for the study area was 

downloaded for the year 2010. 

2. Raw data was pre-processed (Stacking and Georeferncing) with the help of MATLAB 

and ENVI softwares. 

3. Long term maximum and minimum values of backscatter coefficient for each pixel was 

calculated. 

4. Applied the change detection approach proposed by Wagner et al. (1999) for computation 

of relative soil moisture or soil moisture index (SWI). 

𝑆𝑀𝑡 =  
𝜎𝑜(t,   θ𝑟𝑒𝑓)− 𝜎𝑑𝑟𝑦

𝑜 (t,   θ𝑟𝑒𝑓) 

𝜎𝑤𝑒𝑡
𝑜 (t,   θ𝑟𝑒𝑓)− 𝜎𝑑𝑟𝑦

𝑜 (t,   θ𝑟𝑒𝑓)
          …(5.1) 

where, σo(t, θref) is the backscatter coefficient measured on day t with reference angle θref; 

σo
dry(t, θref) and σo

wet(t, θref) are the historically lowest (representing driest conditions) and 

highest (representing wettest conditions) values of backscatter coefficients respectively.  

5. SWI was resampled to deal with the mismatch between VIC grid resolution and ASCAT 

derived SWI. 

6. A relationship between SWI and top layer soil moisture from VIC model was developed. 

The above mentioned procedure was followed for a grid location of 28° N; 79° E and a 

relationship was developed between the values of SWI derived from Scatterometer data and soil 

moisture derived from the simulation of VIC model. From the graph shown in Figure 5.10 below, 

it is seen that there is a very good correlation between SWI from Scatterometer data and simulated 

soil moisture from VIC model. The value of coefficient of determination (R2) was found to be  

0.71 and seems reasonable. The following relationship was developed between soil moisture 

(SM) and SWI: 

SM = 20.75 × (SWI) + 10.64 

However, this equation is valid for a particular grid only and calibration is necessary for the 

calculation of soil moisture at other grids. These results can be further improved by eliminating 

the effect of irrigation which could not be captured in the VIC model. 
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Figure 5.10: Relationship between soil moisture and ASCAT derived SWI. 
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CHAPTER 6 

6 SUMMARY AND CONCLUSION  

In the present study, VIC model has been used to simulate hydrologic processes over Upper 

Ganga river basin. For the simulation, ancillary data (soil type), meteorological data (rainfall, 

temperature and wind speed) and various satellite derived products (LULC, LAI) have been 

utilized. Sensitivity analysis has been performed and sensitive soil parameters were calibrated 

for the basin. The optimal parameters were selected based on NSE and R2 values during the 

calibration period with the help of observed discharge. Remaining observed discharge have been 

utilized for the validation of the results. Other than runoff, VIC model provides some useful 

output such as ET, Soil moisture at each layer which plays very important role in the planning of 

irrigation project. The soil moisture results from VIC showed very good agreement with 

Scatterometer derived Soil Water Index. Thus, there is a potential to estimate the soil moisture 

only from satellite data and VIC model can play a very important role in the validation of satellite 

derived soil moisture product.  

Following conclusions are drawn from the present study: 

1. Statistical analysis of pre-calibrated simulated discharge and observed flow on daily basis 

shows descent agreement in terms R2 of 0.64 and NSE 0.38. 

2. From the sensitivity analysis, infiltration parameter (bi) and soil layer depth (D2 and D3) are 

found to be the most sensitive parameter for flow simulation. 

3. The result shows coefficient of determination (R2) for calibration and validation is 0.76 and 

0.78 respectively. 

4. A good agreement between the VIC simulated and observed daily streamflow (NSE = 0.65, 

and 0.73 for calibration and validation respectively) indicates very good performance of the 

model with various satellite inputs. 

5. Evapotranspiration range between 229 mm to 406 mm across regions within the catchment. 

the mountainous region yields high ET values in the monsoon months. 

6. Highest surface runoff (980 mm) was observed in the month of August while that of lowest 

(0.01 mm) was observed in the month of October. 

7. The cumulative monthly soil moisture ranges from 43mm to 155mm. highest and lowest soil 

moisture values were observed in September and October months respectively. 
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8. VIC derived soil moisture product showed very good agreement with ASCAT derived Soil 

Water Index.  

9. VIC hydrologic model has potential for hydrologic simulation for discharge and soil moisture 

and it can be used for the validation of satellite derived moisture products. 
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