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Abstract 
Soil erosion due to accelerating runoff in various land cover types pose a serious threat to the 

long term sustainability of the fragile Himalayan landscape characterized by subsistence farming. The 
study was aimed at delimitation of the zones of high runoff and consequently soil erosion in the 
agricultural dominated sub Himalayan watershed of river Sitla rao. Identification of such zones could 
help in the implementation of better land management practices. 
 Location of the runoff varies spatially depending upon the type of runoff generation 
mechanism operating there in, saturation or infiltration excess response being the major two. Since the 
watershed experienced humid sub tropical climate and well vegetated conditions; comparison between 
infiltration capacities (ksat ranging between 8-74 mm/hr) and average rainfall intensity (18.9 mm/hr) 
were used to characterize the area into saturation or infiltration excess dominated area. Saturation 
excess was identified as the major runoff generating mechanism in the watershed. So, model which 
could simulate runoff with saturation excess as primary mechanism was deemed fit for the study. 
Eventually three different models SWAT, SWAT-VSA and modified SWAT-VSA (SWAT-Him) were 
used. Conceptually the former assumed infiltration excess response as primary mechanism for runoff 
and the latter two assumed saturation excess. All three models differed in term of Hydrological 
Response Units (HRUs) were generated and Curve Number (CN) was distributed. Land use and 
Hydrological Soil Group (HSG) played dominant role in runoff estimation by SWAT model. Soil 
Wetness Index (SWI), which signifies the saturation level in the area was detrimental in runoff 
modelling by the SWAT-VSA and SWAT-Him. But the two differed on the incorporation of land use 
in runoff modelling; SWAT-VSA ignored land use while SWAT-Him took into account for runoff 
estimation. Results showed that SWAT-Him better simulated the hydrological processes in the 
watershed as it took into account two major factors (topographic and land use) for runoff calculation. 
Analysis of soil moisture further validated the effect of land use along with topography on soil 
moisture content; thus cementing the conceptual base of SWAT-Him. Apart from this, SWAT-Him 
was easy to implement than the SWAT-VSA. Rice fields in the SWI-III (highest propensity to 
saturate) were identified as the high potential zone of runoff, which was in accordance with the field 
observations recorded during field work. 
 All three models overestimated the runoff for high rainfall event. In calibration, the 
performance of SWAT-Him was comparatively better than the two. But for soil erosion, SWAT-VSA 
and SWAT-Him failed on the account of taking average soil properties, which was the practical 
limitation rather than conceptual failure. In sensitivity analysis, CN dominated the runoff in all the 
three models, followed by AWC. For soil erosion support practice factor dominated the group of 
sensitive parameters; high sensitivity of the factor can be attributed to the tillage practice defined for 
agricultural areas (48% of the total area). Crop cover (vegetation) and slope steepness factors were the 
other sensitive parameters. 

The study addresses SWAT model by modifying runoff generation mechanism accounting 
CN distribution based on soil wetness index and land cover types to suit the runoff generation process 
in the Himalayan landscape. The model SWAT-Him resulted into satisfactory output in the watershed 
dominated by saturation excess. But still more work is required in terms of improvement of model 
through separate interface for incorporating specific soil properties for better sediment yield 
prediction. Further, more validation of the model is required through runoff calculation from field-
sized plots for better assessment of the results. 
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1. Introduction 

Himalayas are one of the most ecologically fragile and economically underdeveloped regions 
of the world (Tiwari, 2000). Land degradation due to erosion by water is most serious problem in 
Himalayan landscape. Terrain steepness, deforestation, overgrazing, intensive and subsistence farming 
which originated due to population pressure has lead to severe soil erosion in the region (Shrestha et 
al., 2004).  

Dalai Lama (Dalai Lama, 2002) visualized soil erosion a major threat to civilization and 
environment. According to him "The threat of nuclear weapons and man's ability to destroy the 
environment are really alarming. And yet there are other almost imperceptible changes - the 
exhaustion of our natural resources, and especially of soil erosion - and these are perhaps more 
dangerous still, because once we begin to feel their repercussions it will be too late."  
  Soil is an important resource for the economy of the people living in the Himalayas and food 
security of the region. Therefore there is an urgent need for predicting the spatial extent of soil erosion 
besides quantifying the erosion rates under various land cover/use/management practices. Few areas of 
the watershed are critical and responsible for high amount of soil loss. Best Management Practices 
(BMPs) require knowledge of these critical zones of soil erosion. Runoff is major factor for delimiting 
these zones. Therefore effective control of non-point source sediment loss transported by runoff 
requires information about the source areas of runoff (Frankenberger et al., 1999).  

Investigation of the main mechanism for runoff generation whether infiltration excess or 
saturation excess is vital for identifying the runoff zones. Infiltration excess or Hortonian flow occurs 
when rainfall intensities exceed the rate at which water can infiltrate the soil, in contrast the saturation 
excess runoff is generated when rain encounters soils that are nearly saturated or fully saturated. 
Saturation excess is considered main mechanism for runoff in areas having humid climate coupled 
with thick vegetation and permeable soils (Beven and Kirkby, 1979; Steenhuis et al., 1995). In such 
areas, analyzing the saturated hydraulic conductivity of the soil in relation to observed rainfall 
intensities can help in delimitation of the zones of infiltration and saturation excess runoff.(Dunne et 
al., 1975) 

Spatial characteristics of land use, vegetative cover, soil, topography and precipitation of the 
concerned watershed requires a tool that can effectively manage spatial data. GIS can address the 
problem of the  spatial data management, it has the capability of automated data interpretation, 
processing and map overlaying for solving complex decision making problems with Remote Sensing 
emerging as a vital tool for generating biophysical information necessary for the GIS operations 
(Huang et al., 2003; Kumar et al., 2002). 

There are several distributed hydrological models such as Agricultural Nonpoint Source 
Model (AGNPS) (Young et al., 1989), Areal Nonpoint Source Watershed Response Simulation 
(ANSWERS) (Beasley et al., 1980) and Soil and Water Assessment Tool (SWAT) (Arnold et al., 
1996) which are integrated within GIS environment for predicting runoff and sediment yield. SWAT is 
a physically based distributed parameter model which have been developed to predict runoff, erosion, 
sediment and nutrient transport from agricultural watersheds under different management practices 
(Arnold et al., 1996). SWAT uses Soil Conservation Services (SCS) Curve Number (CN) equation to 
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predict storm runoff which implicitly assumes an infiltration excess response to rainfall. Because of 
this limitation it may fail to predict Variable Source areas (VSA) correctly. It predicts runoff from 
every where but in reality only few zones account for high runoff. In the  present study, SWAT-VSA 
(Easton et al., 2008) is used as it has advantage over SWAT model in the sense it can also model 
saturation excess response to rainfall because it takes into account the topographic effect on 
hydrology. It is re-conceptualization of the SWAT model in which overland flow is modeled in ways 
consistent with VSA hydrology by modifying the distribution of Curve Number and redefining the 
creation of Hydrologic Response Units (HRUs). 

1.1. Problem definition 

Environmental degradation poses a serious threat to the long term sustainability of 
ecologically fragile sub-Himalayan landscapes characterized by subsistence farming. It is comprised of 
lesser/shiwalik Himalayan hills and alluvial fans (foot hills). The fragile ecosystem of the sub-
Himalayas has been an increasing cause of concern to environmentalists and water resources planners. 
The steep slopes in the sub-Himalayas along with depleted forest cover, as well as young geologic 
materials have been major factors in soil erosion and sedimentation in river reaches (Jain et al., 2004). 
Socio-economic and environmental changes have impacted heavily on land use in the region, mainly 
due to the extension of cultivation into marginal land and forested areas. Furthermore fast growing 
Industrial activites in sub-Himalayan, particularly in the Doon valley is giving negative vibes to the 
sustainability of the area. Such changes have depleted and eroded the natural resources by increasing 
surface runoff and accelerating soil erosion problems. It has led to a gradual decrease in soil fertility 
and productivity resulting in decreased agricultural productivity and consequent decrease of income of 
subsistence farmers of the region. Soil erosion is associated with long-term effects on soil productivity 
and sustainable agriculture (Morgan, 1995). 
 The study for the delimitation of the zone of high runoff and consequently soil erosion can 
prove to be of immense value to the decision makers for implementing better land management 
practices in the area. 

1.2. Research questions 

 The research questions of the Study are: 
1. Whether the main phenomenon behind runoff generation in the sub-Himalayan region is of 

saturation excess response to rainfall or infiltration excess response to rainfall? 
2. Whether SWAT-VSA model will be applicable for modeling surface runoff and soil erosion? 
3. Which specific areas under which land cover/use type generate high runoff and sediment loss 

in the watershed? 
4. Which are the sensitive parameters of the model for the runoff generation and soil loss in the 

study area?  

1.3. Objectives 

Main objective of the study is to assess the runoff and sediment yield in a watershed of sub-
Himalayan region. 
More Specific Objectives Include:  

1. To find out the main process behind surface runoff generation in the watershed. 
2. To find out the areas under different land cover/use type of the watershed, accounts for high 

runoff and sediment yield. 



CHARACTERIZING RUNOFF GENERATION MECHANISM FOR MODELLING RUNOFF AND SOIL EROSION IN SMALL WATERSHED OF 
HIMALAYAN REGION 

 

3 

3. To find out the sensitive parameters of model to runoff generation and soil erosion in the 
watershed. 

1.4. Hypothesis 

1. SWAT-VSA Model will be more appropriate for the study area for the estimation of runoff 
and sediment yield.  

2. In the study area, generation of runoff is of saturation excess response to rainfall rather than 
infiltration excess response to rainfall.  

1.5. Structure of the thesis 

The thesis comprise of 6 chapters starting with the present one which throws light on the 
intent and background of the problem. The second chapter explains the basic concepts related with the 
research and previous works which have been done in the field. Chapter three gives a description of 
the study area, mentioning its topography, land-use/cover, soils, geology and climate beside other 
things. Chapter four elaborates the methodology adopted and materials used to achieve the objectives. 
Chapter five sums up the results obtained and their discussions followed by the conclusions and 
recommendations in chapter six. 
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2. Literature Review 

Land degradation is a concept in which the value of the biophysical environment is affected 
by one or more combination of human-induced processes acting upon the land. It is estimated that up 
to 40% of the world’s agricultural land is seriously degraded (www.wikipedia.org, 2008). There are 
various forms of land degradation such as soil erosion, soil acidification, salination, destruction of the 
soil structure and derelict soil, which all ultimately lead to desertification. Himalayan region is 
seriously affected by the land degradation, main form being soil erosion by water. Jain (2004) reported 
rate of 22 to 25 tons/hec/yr of soil erosion by water, in the sub-Himalayas. 

Water erosion is a complex phenomenon which is governed by a large number of factors e.g. 
climatic characteristics, topography, soil properties, vegetation and land management. More 
Specifically rainfall erosivity, soil erodibility, slope, land use and conservation measures govern the 
water erosion in an area (Singh et al., 1992). Detachment of soil material is caused by combined effect 
of  raindrop impact and drag force of running water. The particles which are detached are transported 
by overland flow (sheet or interrill erosion) and concentrated flow (rill erosion) and deposited when 
flow velocity decreases. Enlargement of rills gives form to Gullies (Lal, 2001). 

2.1. Remote Sensing and GIS – Applications 

Since major part of the Himalayan terrain is inaccessible, data collection is a major hurdle for 
initiating any runoff or soil erosion study in the area. Remote Sensing techniques help in obtaining 
repetitive and synoptic view of the Earth surface. The data obtained can be used for mapping land-
use/cover in an efficient manner. GIS on the other hand facilitates integration of the multi-layer spatial 
information, its application may range from simple database query to complex analysis and decision 
support system. Remote Sensing with GIS can provide a suitable framework for mapping and 
modeling of the environment for evolving alternative scenarios for sustainable natural resource 
management (Huang et al., 2003; Kumar et al., 2002; Mulders, 2001; Navalgund et al., 2007; Vrieling, 
2006). 

2.2. Modeling Surface Runoff  

Surface runoff is a term used to describe the flow of water, from rain, snowmelt, or other 
sources, over the land and is a major component of the water cycle. Runoff that occurs on surfaces 
before reaching a channel is also called a non-point source. Surface runoff is one of the major causes 
of erosion of the earth’s surface and location of high runoff generating areas is very important for 
making better land management practices. 

The location of runoff production in a watershed depend on the mechanism by which runoff is 
generated. Infiltration excess/ Hortonian/ unsaturated flow occur when the rainfall intensities exceed to 
the soil infiltration rate or any depression storage has been already filled. Soil infiltration rates are 
controlled by soil characteristics, vegetation cover and land use practices (Descroix et al., 2007; 
Schneiderman et al., 2007). This type of flow mostly occurs in arid and semi-arid conditions though 
exceptions are there. 
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In contrast, there is another phenomenon behind runoff generation, Saturation excess/ 
Hewlettian/ saturated flow, which occurs when the rain encounters soils, fully or nearly saturated due 
to perched water table that forms when the infiltration front reaches a zone of low transmission 
(USDA-SCS,1972). The location of areas generating saturation-excess runoff, typically called 
Variable Source Areas (VSAs), depend on the topographic position in the landscape and soil 
transmissivity (Lyon et al., 2004; Schneiderman et al., 2007; Steenhuis et al., 1995).This type of flow 
mostly occurs in humid, well vegetated regions, especially those with permeable soils underlain by 
shallow restricting layer (Dunne and Black, 1970). Table 2:1 depicts the effect of environmental 
factors on response mechanism. 

Table 2: 1 Environmental factors affecting event-response mechanism 
Mechanism Soil Water 

Table 
Topography Vegetation Water-

input Rate 

Hortonian 
flow 

Low surface 
Kh 

Deep Steep slopes Absent to 
sparse 

High 

Saturation 
flow 

High 
surface Kh 

Near 
surface 

Concave,convergent 
slopes; wide valleys 

Absent to 
abundant 

Low to 
high 

Kh  is saturated hydraulic conductivity 
Source: (www.ees.nmt.edu/vivoni/are/runLectures/Lecture2.pdf) 

Moldenhaur (1960) and Hewlett (1961) were among first to suggest the possibility that entire 
catchment might not contribute storm runoff to a stream. Generally the lower portions of a catchment 
exhibit higher soil moisture levels than upslope portions and could be expected to contribute runoff 
earlier in storm. It has been further postulated that contributing area of catchment is dynamic in nature, 
varying primarily with soil moisture conditions and also due to stage of cover growth (Steenhuis et al., 
1995). 

Thus, factors which control soil infiltration rates differ from factors which control variable 
source areas. Models that implicitly assume infiltration excess as primary runoff mechanism are: Soil 
& Water Assessment Tool (SWAT) model (Arnold et al., 1983) , General Watershed Loading 
Function (GWLF) model (Haith and Shoemaker, 1987), Agricultural Non-point Source Pollution 
(AGNPS) model (Young et al., 1989), Areal Non-point Source Watershed Environment Simulation 
(ANSWERS) model (Beasley et al., 1980) and Chemicals, Runoff and Erosion from Agricultural 
Management Systems (CREAMS) model (Knisel, 1980). The models that depict different runoff 
source areas that assume saturation excess are: SWAT-VSA (Variable Source Area) model (Easton et 
al., 2008) , Variable Source Loading Function (VSLF) model (Schneiderman et al., 2007) and 
TOPMODEL (Beven and Kirkby, 1979). Table 2: 2 shows the assumed primary runoff generation for 
different models  

Table 2: 2 Primary runoff generation mechanisms for different models 
Model Dominating Runoff Mechanism Concept 
SWAT Infiltration excess response to rainfall CN in context of  land use and soil 
GWLF Infiltration excess response to rainfall CN in context of  land use and soil 
AGNPS Infiltration excess response to rainfall CN in context of  land use and soil 
ANSWERS Infiltration excess response to rainfall CN in context of  land use and soil 
CREAMS Infiltration excess response to rainfall CN in context of  land use and soil 
SWAT-VSA Saturation excess response to rainfall CN in context of Soil Wetness index 
VSLF Saturation excess response to rainfall CN in context of Soil Wetness index 
TOPMODEL Saturation excess response to rainfall Topographic Wetness Index. 
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2.2.1. Soil and Water Assessment Tool (SWAT)  

Soil and Water Assessment Tool (SWAT) is a physically based distributed parameter model 
which have been developed to predict runoff, erosion, sediment and nutrient transport from 
agricultural watersheds under different management practices (Arnold et al., 1998). SWAT is freely 
available which is linked to a GIS system (Arcview) through an interface that makes data processing 
and visualization easy. The model can simulate long periods, up to several years, operating with a 
daily time step. SWAT requires soils data, land use/management information and elevation data to 
drive flows and direct sub-basin routing. SWAT lumps the parameters into Hydrological Response 
Units (HRU) and storm runoff for each HRU is predicted with the CN equation.    

SWAT is most versatile model. SWAT has been widely used in various regions and climatic 
conditions on daily, monthly and annual basis (Arnold et al., 1998; Kliment et al., 2008; Mulungu and 
Munishi, 2007; Muttiah and Wurbs, 2002; Srinivasan et al., 2005; Tolson and Shoemaker, 2007) and 
for the watershed of various sizes and scales (Kannan et al., 2008; Kannan et al., 2007). SWAT has 
been successfully used for simulating runoff, sediment yield and water quality of small watersheds for 
Indian conditions (Pandey et al., 2008; Pandey et al., 2005; Tripathi et al., 1999; Tripathi et al., 2003). 

2.2.2. SWAT-Variable Source Area (SWAT-VSA) 

SWAT-VSA (Easton et al., 2008) is a re-conceptualization of the SWAT model in which 
overland flow is modeled by modifying the distribution of SCS-Curve Number (CN) and by re-
defining how the Hydrologic Response Units (HRUs) are created. Soil Wetness Index (SWI) is used 
for distribution of CN equation and for creating HRUs in combination with land use. 

 SWAT uses SCS-Curve Number for prediction of storm runoff; it assumes an infiltration 
excess response to runoff. Thus it may fail to correctly capture the spatial distribution of runoff 
generating areas. (Steenhuis et al., 1995) and (Lyon et al., 2004) showed how the CN equation can be 
used to predict the distribution of VSAs. Inspired from their work, (Schneiderman et al., 2007) and 
(Easton et al., 2008) worked on to modify the water quality models such as GWLF (Haith and 
Shoemaker, 1987) and SWAT (Arnold et al., 1996) respectively so that they explicitly simulated 
saturation excess runoff from VSAs. SWAT-VSA model incorporates VSA hydrology in terms of CN 
equation for capturing the spatial pattern of saturation excess runoff source areas while retaining the 
soil and land use information necessary to various nutrient and biogeochemical subroutines; but 
ignores them in calculation of runoff.  

 The SWAT-VSA uses CN equation in context of Soil Wetness Index (SWI) for capturing the 
spatial runoff pattern as observed in VSA dominated landscapes. SWI is extended form of 
Topographic Wetness Index (TWI), since it takes into account the soil transmissivity (Ksat and soil 
depth). Topographic Wetness Index has been used to describe soil moisture patterns. The (TWI) was 
developed by Beven and Kirkby (1979) within the runoff model TOPMODEL. The TWI has been 
used to study spatial scale effects on hydrological processes (Beven et al., 1988) and to identify 
hydrological flow paths for geochemical modeling (Robson et al., 1992). The TWI is usually 
calculated from gridded elevation data. Different algorithms are used for these calculations: the main 
differences are the way the accumulated upslope area is routed downwards, how creeks are represented 
and which measure of slope is calculated (Sørensen and Seibert, 2007).  

 This re-conceptualization of SWAT helps in modeling the saturation excess runoff from 
VSAs without any modification in code base of SWAT model and thus provides efficient and easy 
way of capturing spatially variant saturation excess runoff processes from the landscape (Easton et al., 
2008). 
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2.2.3. TOPMODEL 

TOPMODEL is a rainfall-runoff, physically based watershed model, the basis of which is 
developed on the explicit relation of the catchments topography with hydrology. The model predicts 
saturation excess and sub-surface storm flow. It uses Topographic Wetness Index (TWI) as basis for 
distribution of runoff source areas, with higher topographic index indicating high saturation and vice-
versa. The model requires a DEM, rainfall data and potential evapotranspiration data for predicting 
stream discharge.   

One of the basic fundamental of the model assumes that the dynamics of hydrology are driven 
by the groundwater table and assumes that the watershed is underlain by shallow groundwater, which 
is not realistic for many mountainous areas (Lyon et al., 2004). 

2.3. Modeling Soil Erosion  

In SWAT & SWAT-VSA Models, erosion caused by rainfall and runoff is computed with the 
Modified Universal Soil Loss Equation (MUSLE) (Williams, 1975). MUSLE is a modified version of 
the Universal Soil Loss Equation (USLE) developed by (Wischmeier and Smith, 1965; Wischmeier 
and Smith, 1978). 

 USLE predicts average annual gross erosion as a function of rainfall energy. In MUSLE, the 
rainfall energy factor is replaced with a runoff factor. This improves the sediment yield prediction, 
eliminates the need for delivery ratios, and allows the equation to be applied to individual storm 
events. Sediment yield prediction is improved because runoff is a function of antecedent moisture 
condition as well as rainfall energy. Delivery ratios are not needed with MUSLE because the runoff 
factor represents energy used in detaching and transporting sediment (Neitsch et al., 2005). 
 The main advantages of MUSLE are its simplicity, the direct conceptual and physical 
relevance of its factors, the large data base upon which the empirical relationship was developed, and 
the capability to insert management considerations into factor selection and main disadvantage is that 
the model is empirical and does not consider all physical factors affecting sediment yield (Jackson et 
al., 1984). 
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3. Study Area 

3.1. Location of the Watershed 

The study area, Sitla rao watershed, falls in the administrative district of Dehradun, India. 
More broadly the former two are located in Doon valley. The watershed is around 50 km from 
Dehradun in North-west direction. The extent of the watershed stretches from 30O24’39” to 
30O29’05”N and 77O45’33” to 77O57’46”E and covers an area of 47 km2. The maximum length and 
width of the watershed is around 20 km and 5 km respectively.  The river Sitla rao, originates in the 
Himalayan range at 2205m above mean sea level (msl) and joins the river Asan at an elevation of 434 
m above msl. Asan is tributary of the river Yamuna. Figure 3: 1 depicts the location of the study area 
in respect of the Doon valley and India. 

 
Figure 3: 1 Location of the Sitla rao watershed 

3.2. Land cover/use 

The major land units in the Sitla rao watershed can be categorized into agriculture, forest, 
shrubs, barren land, settlement and water body. Agriculture constitutes the major area of the watershed 
with major crops being maize and paddy in rainy season as kharif crops and wheat and mustard in 
winter as rabi crops. Apart from these major crops vegetables, ginger, turmeric are grown. 

The natural vegetation consists of forest tree of dominantly of Sal (Shorea robusta), shrubs 
(Lantana camera, Ipomoea batata) and grasses (Saccharam spontanium). Barren lands occupy 
predominant part in the higher elevation regions on steeper slopes. There are numerous small villages 
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in the watershed with Langha, Surna, Dobri, Barwa, Pasta, Chandpur and Horawala being the 
prominent ones. Fig 3: 2 depicts the forest cover (Sal) and cropland (maize) in the watershed 

 

  
Figure 3: 2 Showing forest cover and maize crop land in the watershed 

3.3. Drainage 

 The study area has a southwest slope. Main river in the study area is Sitla rao, which is a 
seasonal stream and tributary of river Asan. Other major streams in the area are Koti, Mauti and Gauna 
nadi , which are tributaries of Sitla rao. Other than these there are numerous small channels in the 
study area, most of which are seasonal. Fig 3: 3 depicts the river Sitla rao in the rainy season. 
 

 
Figure 3: 3 Sitla rao river in the rainy season. 

3.4. Soils 

The Soil types in the area fall in the order of Alfisols, Entisols and Inceptisols. The soils in 
general in the area are sandy loam to loam in texture, well drained and the soil depth varies from 
shallow to deep underlain by boulders, pebbles, gravels, sand and silt strata. The productivity of the 
soils ranges from low to medium. Soils in the area fall under Ustic class of Soil moisture regime. 



CHARACTERIZING RUNOFF GENERATION MECHANISM FOR MODELLING RUNOFF AND SOIL EROSION IN SMALL WATERSHED OF 
HIMALAYAN REGION 

 

10 

3.5. Geology 

Geologically, the catchment has the pre-Cambrian rocks of the lesser Himalayan formations 
in the north and valley fill material of piedmont at lower part (Bartarya, 1995). Watershed is 
characterized as high rugged mountains and narrow valley. It belongs to the sub-mountain region of 
the Garhwal Himalaya. Lower part of lesser Himalayan contain conglomerates consisting of quartzite, 
granite and phyllite boulders and pebbles, whereas the valley is filled with fan deposits of late 
Pleistocene and Holocene age known as Doon gravels.  Sandstone / quartzite are the dominating rock 
type in the region. 

3.6. Physiography 

The study area can be distinctively divided into three main physiographic units, the Hilly 
terrain, Piedmont plains and the River terraces. The Hilly terrain is represented by rugged topography 
and the elevation ranges from 800 to 2200m. The Piedmont plains can be divided into three main 
regions, upper piedmont, middle piedmont and lower piedmont. Piedmont plains constitute major part 
of the study area and elevation ranges from 500m to 900m. The River terraces are third physiographic 
unit of the study area. They lie along the river beds of the river. Most of these terraces are now under 
cultivation, but their extent is very low. Figure 3: 4 depicts the 3d view of the watershed, along with 
major physiographic units. 

 

 
Figure 3: 4 Showing 3d view of the watershed along with major physiographic units 

3.7. Climate 

The climate is characterized by having hot summers and cold winters. The climate is 
influenced by the elevation differences and seasonal variations and consequently, it varies from humid 
to sub-tropical. The mean temperature ranges from 15.80 Celsius in winters to 33.30 Celsius in 
summer. The hottest month is May, in which the Mean Max. Temp. goes up to 380, with December 
being coldest month (Mean Min Temp. -30) The rainfall varies from 1600 to 2200 mm depending on 
elevations, most of which falls in the rainy season (June-August) with July being the wettest month. 
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The climate is conducive for dense growth of vegetation especially in the monsoon season. Based on 
the KÖppen classification scheme the watershed falls into Humid sub tropical climate (Cwa) climatic 
zone. Table 3:1 shows the climatic variables collected from soil and water conservation (Selakui) for 
the last five years (2003-07). Figure 3: 5 depicts the average rainfall trend for the last five years.  

  
Table 3: 1 Climatic variables for the last five year (2003-07) 

 
Month Maximum 

Temperature C 
Minimun 
Temperatue C 

Average 
Percipitation 
(mm) 

Solar 
Radiation 

Wind 
speed 

January 19 3.5 24 10.43 1.1 
February 23.8 5.0 6 13.31 1.2 
March 29 9.1 16 15.41 1.7 
April 35.8 14.1 34 20.40 1.6 
May 36.5 21.1 100 23.86 1.3 
June 34.2 22.9 220 25.40 0.9 
July 30.2 25.3 600 24.66 0.7 
August 32.1 24.8 590 23.33 0.8 
September 32 25.1 250 19.89 0.7 
October 31.1 16.0 4 15.47 0.4 
November 26.9 8.4 2 13.10 0.4 
December 21.1 3.6 3 10.85 0.8 
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Figure 3: 5 Average rainfall trend over the last five years. 
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4. Materials and Methods 

4.1. Materials used 

4.1.1. Remote sensing and topographic data used  

1. LISS IV (5.8m) multi-spectral digital data (Acquisition date: Nov 14, 2004).  
2. Google image (IKONOS) of the study area. 
3. Cartosat DEM (12.5 meter resolution data). 
4. SRTM DEM (90 meter resolution). 
5. Topo sheet map numbering 53 F/15 on 1:50,000 scale. 

4.1.2. Instruments used in the field 

Table 4:1 depicts the instruments used in the field for collection of data. 
Table 4: 1 Instruments used in the field for collection of data. 

 Instruments Purpose 
1 Double ring infiltrometer (Eijelkamp) , 10 

liter drum(4), hammer, stop watch  
Infiltration rate, saturated hydraulic 
conductivity (Ksat) 

2 Soil auger (Eijelkamp), sample collecting 
bags, measuring tapes, field knife  

Surface(0-15cm) and sub-surface 
sampling(15-30 cm) 

2 Theta probe (Delta-T-Device,UK) Soil moisture measurement 
3 12X GPS receiver (Garmin) Geospatial location 
5 Hand held computer (Toshiba) Downloading data from automatic rain 

gauge. 
6 Field book Recording measurements 

4.1.3. Softwares used 

Softwares used for the research: 
I. Image processing 

• Erdas imagine 9.1 
II. Geospatial analysis 

• Arcgis 9.1,9.2 
• Arcview 3.2a 
• Ilwis 

III. Model implementation 
• Arcswat, AVSWATX-2005, AVSWAT-2000 
• Map window (MWSWAT) 
• VizSWAT 

IV. Runoff and soil data analysis. 
• SPAW (Soil-Plant-Air-Water) 
• Box Pro 4.0 

V. Others 
• Microsoft word and excel 
• Picasa, paint and surfer. 



CHARACTERIZING RUNOFF GENERATION MECHANISM FOR MODELLING RUNOFF AND SOIL EROSION IN SMALL WATERSHED OF 
HIMALAYAN REGION 

 

13 

4.2. Research methodology 

For runoff estimation, two different models SWAT and SWAT-VSA were used. SWAT is 
watershed scale model developed for the USDA Agricultural Research Service (Arnold et al., 1998). 
The SWAT-VSA model is derivative of SWAT model and it differs in from SWAT model in creation 
of Hydrological Response Units (HRUs) and distribution of the SCS-CN equation. Soil erosion was 
estimated by MUSLE, which is part of the SWAT model.  

SWAT is a physically based model. It is a comprehensive model which requires detailed 
information about weather, soil properties, topography, vegetation and land management practices in 
the watershed. The physical process related with water such as sediment movement, nutrient cycling 
are directly modeled by SWAT. Regardless of what is studied with SWAT, hydrology remains the 
driving force behind all the physical processes (Arnold et al., 1996). SWAT divides the simulation of 
hydrology into two parts. The first division is the land phase of the hydrologic cycle which controls 
the amount of water, sediment, nutrient and pesticide loadings to the main channel. The second 
division is the routing phase of the hydrologic cycle which defines the movement of water, sediments 
and nutrients through the drainage network of the watershed to the outlet.  

In SWAT model, a watershed is divided into a number of sub-basins. Each sub-basin contains 
at least one Hydrologic Response Unit (HRU), a tributary channel and a main channel or reach. Sub-
basin possess a geographical position and is spatially interconnected, flow from one sub-basin enters 
another. These sub basins are further partitioned into HRUs, which are lumped land areas that are 
comprised of unique land cover and soil combinations. The partition of sub-basin into HRUs, increases 
accuracy and gives a much better physical description of the water balance (Arnold et al., 1996; Geza 
and McCray, 2008). Contrary to flow among sub-basin, there is no interaction between the HRUs. 
Runoff and sediment yield are predicted separately for each HRU and summed up to obtain the total 
loading from the sub-basin. 

4.2.1. Modelling runoff with SWAT 

SWAT simulates surface runoff volumes for each HRU using either of the two methods: the 
SCS Curve Number (CN) procedure and the Green & Ampt infiltration method. Later requires sub-
daily precipitation data thus restricting its use. Fig 4: 1 describes the framework for runoff calculation, 
when using SCS-CN method. 

Soil Wetness IndexLand-use map Soil Wetness IndexLand-use map Soil Wetness IndexLand-use map

Defining CN according to 
Land use / Soil / Management operation

Creation of HRUs

Soil MapLand-use map

SWAT

 
Figure 4: 1 Framework for the SWAT model 
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The SCS runoff equation is an empirical model which originated after 20 years of studies 
involving rainfall-runoff relationships from small rural watershed across the U.S., the model predicts 
amount of runoff under varying land-use and soil types. 
 The SCS curve number equation is: 

)(
)( 2

SIR
IR

Q
aday

aday
surf +−

−
=  

Equation 4: 1 

Where surfQ  is the accumulated runoff (mm H2O), dayR is the rainfall depth of the day (mm H2O), aI is 

the initial abstractions which includes surface storage, interception and infiltration prior to runoff (mm 
H2O), and S is the retention parameter (mm H2O). The retention parameter varies spatially due to 
changes in soils, land use, management and slope and temporally due to changes in soil water content. 
The retention parameter is defined as: 
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Equation 4: 2 

Where, CN is the curve number for the day. The initial abstraction aI  is estimated as 0.2S and 

thus the equation becomes:  
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Equation 4: 3 

Runoff will occur when dayR > aI .  

The curve number is a function of the soil’s permeability, land use and antecedent soil water 
conditions. Soil properties that influence runoff are related with saturated hydraulic conductivity, 
depth to seasonally high water table and depth to a very slowly permeable layer (Neitsch et al., 2005). 
Soil may be placed in one of the four groups according to its runoff potential. These are A, B, C, D, 
with increasing order from A to D, the runoff potential of soils keep increasing, A category having 
lowest runoff potential and D having highest.  
 Other than soil properties and land use, antecedent soil moisture conditions also affect the 
curve number, SCS defines three antecedent moisture conditions: 1 – dry (wilting point), II – average 
moisture and III – wet (field capacity). In SWAT, Curve Number for moisture condition II is provided 
to the model; subsequently it adjusts the CN according to the antecedent moisture condition calculated 
from daily rainfall data. The retention parameter is allowed to vary with the soil profile water content. 

4.2.2. Modelling runoff with SWAT-VSA 

SWAT-VSA model simulates the spatial distribution of saturation excess runoff within the 
watershed. SWAT-VSA model simulates runoff volumes for the entire watershed using SCS-CN 
equation, but spatially distributes CN according to the Soil Wetness Index (SWI) as opposed to the 
combination of land-use and hydrological group in the SWAT model. Other significant difference in 
the SWAT and SWAT-VSA lies in the redefining of the Hydrological Response Units (HRUs) in 
terms of CN-VSA hydrology. In Swat model HRUs are defined by land-use and soil type, but in 
SWAT-VSA, Soil Wetness Index (SWI) in combination with land use is used to define the HRUs. 
Thus contrary to SWAT where primary mechanism is assumed to be infiltration excess, the SWAT-
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VSA takes into account saturation excess response to rainfall. Fig 4:2 depicts the framework of the 
SWAT-VSA model for runoff calculation. 

Soil Wetness IndexLand-use map Soil Wetness IndexLand-use map Soil Wetness IndexLand-use map

Defining CN according to Soil Wetness Index

Creation of HRUs

Soil Wetness IndexLand-use map

SWAT-VSA

 
Figure 4: 2 Framework for the SWAT-VSA model 

 
The SCS-CN equation (Eq 4:3) is an empirical relationship between rainfall and runoff, and is 
therefore independent of the underlying runoff generation mechanism.(Steenhuis et al., 1995) showed 
that this equation can be differentiated to express the saturated fraction contributing runoff, Af as 
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Equation 4: 4 
Where Pe is the effective precipitation and defined as P-Ia, or the amount of water required to initiate 
runoff. According to Eq. 4:4 , runoff only occurs from areas that have local effective storage, σe, less 
than Pe. Therefore by substituting σe for Pe in Eq. 4:5, the relationship for the fraction of the watershed 
area, As, that has local effective storage < or = to σe for a given overall watershed storage of Se becomes  

(Schneiderman et al., 2007): 
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Equation 4: 5 
Here Se and Ia are watershed properties while σe is defined at local level. Solving for σe gives the 
maximum effective local soil moisture storage within any particular fraction, As, of the watershed area 
(Schneiderman et al., 2007): 
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Equation 4: 6 
For a given storm event with precipitation P, the fraction of the watershed that saturates first (As = 0) 
has local storage σe = 0, and runoff from this fraction will be P-Ia. Successively drier fractions retain 
more precipitation. Runoff qi (mm) for an saturated area , can be expressed as (Schneiderman et al., 
2007): 

eeee PforPqi σσ >−=  

Equation 4: 7 
And for the unsaturated area 
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eePforqi σ≤= 0  

Equation 4: 8 
To avoid changing any SWAT code , E.q. 4: 7 can be approximated with CN equation (Easton et al., 
2008)  
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Equation 4: 9 
 
qi predicts the fractional area of the watershed contributing to runoff without indicating important 
information about where that area is located in a watershed. Soil Topographic indices can be used to 
determine this (Lyon et al., 2004) 
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Equation 4: 10 
Where α is the upslope contributing area for the cell per unit of contour line (m), βtan is the 
topographic slope of the cell, and T is the soil transmissivity (soil depth x saturated soil hydraulic 
conductivity) of the uppermost layer of the soil (m2d-1). 

Soil Wetness Index is then used to qualitatively rank areas or HRUs in the watershed in terms 
of their overall probability of runoff. The effective value of σe can be defined linearly on the basis of 
wetness value obtained from the soil wetness index, the value of σe is set to minimum for unsaturated 
zone (low index) and to maximum for saturated zone (high index ). Value of σe  is ultimately a 
calibration parameter (Lyon et al., 2004; Schneiderman et al., 2007) 

4.2.3. Proposed modifications of the SWAT-VSA model (SWAT-Him) 

From the above discussion it is clear that the above two models differ on the account of 
assumed primary runoff generation mechanism. SWAT-VSA was considered appropriate for the areas 
dominated by saturation excess response to rainfall, but still the model has limitations. For defining the 
CN equation, the land use/cover and management effect have been ignored and CN has been defined 
only on the basis of soil wetness index where land use/cover is only used for defining the HRUs. 

SCS-CN equation is empirical model for calculating runoff amount under varying land use 
and soil types. Thus land use and soil properties are significant in determining CN. Ignoring either of 
the two may distort the very basic assumption behind the SCS-CN theory as done in SWAT-VSA.  
 Soil Wetness Index (SWI) may prove to be suitable replacement for soil in areas dominated 
by saturation excess response, since SWI takes into account saturated hydraulic conductivity and soil 
depth, which are major controlling factors in saturation excess runoff generation (Steenhuis et al., 
1995). Moreover the soil variability roughly correlates with the topographic features, because of the 
relation of the soil genesis to topology and hydrology (Page et al., 2005; Sharma et al., 2006).   

In contrast, ignoring land use effect in runoff calculation may prove to be a major erroneous 
factor since the potential evapotranspiration, which accounts for the removal of  roughly 62% of the 
precipitation that falls on the continents (Dingman, 1994) is affected by land use/cover type (Loescher 
et al., 2005). Other than this the management operation, which varies with the land use, effect the 
runoff to a greater extent (Foltz and Copeland, 2009; Lü et al., 2009)  

Taking into consideration the above mentioned factors, the SWAT-VSA model has been 
modified in the present study. In the proposed modification, the CN has been distributed according to 
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the combination of land use, management types and soil wetness index as contrary to the SWAT-VSA, 
where only soil wetness index is used to define the CN values. Also it differs to SWAT model which 
consider land-use and soil properties to define the CN. However, creation of HRUs remains same as 
that of SWAT-VSA. The proposed modification in SWAT-VSA model has been termed as SWAT-
Him (Himalaya) in the present study.   

For SWAT-Him, the soil wetness map is divided into four or less classes, depending upon the 
number of Hydrological Soil Groups (HSG) present in the area. The soil wetness values classified into 
the four classes are assigned HSG according to the soil wetness value for each class. For example 
SWI-1, which has  the lowest value and thus having least probability to be saturated, is assigned the A 
(HSG) and SWI_4, having highest value and thus having highest probability to be saturated, is defined 
similarly to (HSG) D. The CN is then assigned on the basis of the SWI and land use/cover. Once the 
initial CN is defined on the basis of land use and SWI, the management option is used to redefine CN 
accounting the management practices.     

The division of the SWI into classes is set more or less proportional to the area occupied by 
corresponding HSG in the area. For example, if the HSG A occupies the 35% area, then the upper 
value for determination of SWI_1 (whose HSG will be A) will be set accordingly to occupy 
approximately 35% area. By this method the runoff amount will be same, but the location of runoff 
zones will change according to the variation in land use/cover, SWI and management practices. Fig 
4:3 depicts the conceptual framework of the proposed model. 

Soil Wetness IndexLand-use map Soil Wetness IndexLand-use map Soil Wetness IndexLand-use map

Defining CN according to 
Land use / Soil / Management operation

Creation of HRUs

Soil Wetness IndexLand-use map

SWAT-Him

 
Figure 4: 3 Framework for SWAT-Him 

4.2.4. Sediment yield estimation 

Once the runoff Part is finished, soil erosion is assessed by Modified Universal Soil Loss 
Equation (MUSLE) (Wischmeier and Smith, 1978). Sediment generation from each HRU is calculated 
by the following equation: 

( ) CFRGLSPCKareaqQsed usleusleusleuslehrupeaksurf ⋅⋅⋅⋅⋅⋅⋅⋅= 56.08.11  

Equation 4: 11 

where sed  is the sediment generation (metric ton), surfQ is the surface runoff (mm), peakq  is the peak 

runoff rate (m3/s), hruarea is the HRU area (ha), usleK  is the USLE soil erodibility factor, usleC  is the 
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USLE cover and management factor, usleP  is the USLE support practice factor, usleLS  is the USLE 

topographic factor, and CFRG  is the coarse fragment factor. Sediment generation will be  calculated 
separately for each HRU and then summed to determine total sub-basin fluxes (Arnold et al., 1998) 

Soil erodibility factor usleK  is defined as the soil loss rate per unit for a specified soil as 

measured on a unit plot. A unit plot is 22.1-m (72.6-ft) long, with a uniform length-wise slope of 9 
percent, in continuous fallow, tilled up and down the slope. Data for the usleK  is directly given to 

model through an interface in the soil database. 
Cover and Management Factor ( usleC ), is defined as the ratio of soil loss from land cropped 

under specified conditions to corresponding loss from clean-tilled, continuous fallow (Neitsch et al., 
2005). The plant canopy and the residue on the surface are important parameters for determining usleC  

factor. SWAT updates usleC  daily as the plant cover varies during the growth cycle of the plant. The 

user has to give minimum C factor for the land cover, which is estimated from the given equation 
(Arnold and Williams, 1995) : 

[ ] 1034.0ln463.1 ,, += aaUSLEmnUSLE CC  

Equation 4: 12 
Where CUSLE,mn is the minimum C factor for the land cover and CUSLE,aa is the average annual C factor 
for the land cover. 

Support practice factor, usleP  , is defined as the ratio of soil loss with a specific support 

practice to the corresponding loss with up and down slope culture (Neitsch et al., 2005). Support 
practices include contour tillage, strip-cropping on the contour, and terrace systems. Different values 
are defined for the different support practices, which are further influenced by the slope factor. The 

usleP  is defined separately for each land use/cover type for each sub-basin in management information 

file. 
Topographic factor, usleLS is the expected ratio of soil loss per unit area from a field slope to 

that from a 22.1-m length of uniform 9 percent slope under otherwise identical conditions (Neitsch et 
al., 2005). The vital information for the calculation of usleLS  factor is derived from the input DEM. 

The coarse fragment factor is percent rock in the soil layer expressed in percentage. The value 
for CFRG  factor is provided in the soil database.  
 Surface runoff ( surfQ ) is directly taken from the runoff calculation and peak runoff rate 

peakq is calculated with a modified rational method, which is based on the assumption that if a rainfall 

intensity i begins at time t = 0 and continues indefinitely, the rate of runoff will increase until the time 
of concentration, t = tconc, when the entire sub-basin area is contributing to flow at the outlet. The 
rational formula is: 

6.3
AreaiCq peak
⋅⋅

=  

Equation 4: 13 

where peakq  is the peak runoff rate (m3s-1), C is the runoff coefficient, i is the rainfall intensity 

(mm/hr), Area is the sub-basin area(km2) and 3.6 is a unit conversion factor (Neitsch et al., 2005). i is 
calculated from the maximum half hour rainfall for a month, which is provided to the model in the 
weather database. 
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4.3. Data collection and processing 

SWAT model is data driven, which requires several data ranging from topography, land use, 
soil, climate, etc. Data was collected from fieldwork and other sources, following section describes 
about the data collection and processing. 

4.3.1. Land use database 

Several reconnaissance field visits were conducted to collect information about the land 
cover/use in the area. It includes data about the crop types, crop calendar (date of sowing and date of 
harvest), maturity days, average plant height and manure application (Appendix-3). 

4.3.1.1. Visual land cover/use map 

Already existing in IIRS database, a visually interpreted land cover/use map from LISS III + 
Pan merged data was updated with the help of google image as base map and from the information 
collected through extensive field survey. The updated land cover/use map of the study area is shown in 
Fig 4: 4 and Fig 4: 5 show the updated land cover/use map of pipalsar sub-watershed in the study area 
showing the location of an automatic runoff recorder at the outlet. 

 

 
Figure 4: 4 Land-use/cover of the Sitla Rao watershed 
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Figure 4: 5 Land-use/cover of the Pipalsar sub-watershed 

 

4.3.1.2. Digital land use/cover map 

LISS-IV (P-6) raw image obtained on 13-Nov-2004, having spatial resolution of 5.8 m, three 
bands (2, 3, 4) and swath width of 23.9 km was geo-referenced, with RMS error of 0.95. The image 
was then used for the preparation of land use/cover map from digital classification. Prior to 
classification process, the training sites were marked. Supervised classification was performed with the 
maximum likelihood classifier in which a pixel is assigned to the class which has the highest 
probability. Probability function is calculated from the inputs for classes established from the training 
sites. Fig 4:6 depicts the prepared digital land use/cover from LISS IV image, the result was 
smoothened by median 3x3 filter for better display. 

4.3.1.3. Composite land use/cover map 

Since the classified map was not able to differentiate between the maize and paddy fields 
because of the acquisition date of the satellite image (November-14), a composite map was prepared 
from the updated visual and digital map. The digital map was retained but the agricultural areas (maize 
and paddy), residential areas and land use/cover of the pipalsar sub-basin were extracted from the 
visual map and subsequently overlaid onto the digital map.  

Accuracy assessment of the part of digital map used in composite map was performed with 
142 stratified random chosen points. Overall classification accuracy and Kappa statistics for the digital 
classification stood at 68.31% and 0.6336 respectively. Kappa statistics is: 
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agreementchance
agreementchanceaccuracyobservedK

−
−

=
1

 

Equation 4: 14 
Where, chance agreement is product of row and column total for each class.  
The accuracy assessment of the part of the digital map which was used in the composite map is given 
below in table 4: 2. 

Table 4: 2 Accuracy assessment of the part of digital map, used in composite map 
Class Name Reference 

Total 
Classified 
Totals 

Number 
Correct 

Producers 
Accuracy % 

Users 
Accuracy % 

Water Body 14 20 14 100.00 70.00 
Barren Land 16 20 12 75.00 60.00 
Forest 21 21 16 76.19 76.19 
Plantation 16 20 11 68.75 55.00 
Mixed Forest 23 21 15 65.22 71.43 
Agriculture 8 0 0 - - 
Open Forest 19 20 13 68.42 65.00 
Scrub 25 20 16 64.00 80.00 
Totals 142 142 97   

 
 

 
Figure 4: 6 Digital land-use/cover map of the watershed 
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4.3.1.4. Land use/cover database for SWAT 

Relevant land use/cover classes were extracted from the SWAT database. Changes were 
made to the relevant parameters, according to the study area. Table 4: 3 shows the land use/cover 
classes in the study area, corresponding land use/cover types in the SWAT database with their codes, 
and the relevant parameters to which the changes were made. Look up table was prepared for linking 
the land use/cover database to the land use/cover map. 

Table 4: 3 Modified land use/cover parameters for SWAT model input 
Land use/cover SWAT 

code 
Max leaf area 
index(m2/m2) 

Min value of 
USLE C factor 

P factor 
value 

Max 
Canopy 
height (m) 

Maize CORN 3 0.2 0.5 2.5 
Rice RICE 5 0.03 0.3 0.8 
Dense forest FRSE 6 0.001 0.8 10 
Mixed forest FRST 5 0.001 1 8 
Open forest FRSD 4 0.001 1 6 
Scrub RNGB 2 0.003 1 1 
Barren land PAST 1 0.003 1 .5 
Plantation ORCH 4 0.001 1 4.5 
River bed WATR - - - - 
Residential URMD - - - - 
Road UTRN - - - - 

SWAT codes as adopted from (Arnold et al., 1996)  

4.3.2. Soil Database 

Soil Database prepared on 1:25000 scale by (Bhaware, 2006) was used in the study. Soil map 
was prepared after detailed study of the soil profiles in the watershed. Soil types were defined on the 
basis of physiographic units homogenous in terms of geomorphology, topography and land use/cover, 
which ultimately resulted for 10 different soil types in the watershed (Table 4: 4). Soils in the area 
were characterized by high sand content with sandy loam and loamy soils identified as the two major 
soil textural classes. Depth of the soils varied from 40 cm on the side slope of hills to 1 meter in lower 
piedmont. Erodibility factor (K) was assessed to be high, which was calculated from regression 
equation given by (Wischmeier et al., 1971) stated below. 

( ) ( ) ( )3103.32103.412108.2 3314.17 −×+−×+−×= −−− cbMK α  
Equation 4: 15 

Where M=particle size parameter; α =percent organic matter; b=soil structure code; c=profile 
permeability class. 

 The necessary input information required by the SWAT model was extracted from the soil 
database for each soil type, namely soil texture, bulk density, Hydrological Soil Group (HSG), soil 
depth, rock fragments, organic carbon content, soil erodibility factor (K) were obtained for each soil 
type (Appendix-4). Available Water Content (AWC) was calculated from Soil-Plant-Air-Water 
(SPAW) software, for which the soil texture and organic matter data were given as inputs. Fig 4:7 
shows the soil map depicting various soil types in the study area.  
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Table 4: 4 Soil types for the Sitla rao watershed 
S.No Soil type Physiographic unit Area 

(hectares) 
1 H11 Hills side slope (Rice) 19.41 
2 H12 Hills side slope (Maize) 42.33 
3 H21 Hills side slope (Forest open) 371.47 
4 H22 Hills side slope (Forest dense/mod) 847.74 
5 H31 Hills side slope (Scrub) 323.71 
6 P111 Upper/middle piedmont (Rice) 376.44 
7 P112 Upper/middle piedmont (Maize) 626.74 
8 P212 Lower piedmont (Rice) 355.16 
9 P221 Upper/middle piedmont (Forest open) 995.62 
10 P222 Upper/middle piedmont (Forest dense/mod) 982.77 

 

 
Figure 4: 7 Physiographic – soil map of the Sitla Rao watershed 

4.3.2.1. Soil database for SWAT 

Soil properties extracted from the soil database were stored in the SWAT database by the soil 
data input interface. The soil properties were stored layer by layer for each soil type. Look up table 
was prepared for linking the soil map to the database. Fig 4: 8 shows the interface used for storing the 
soil properties. 
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Figure 4: 8 Interface for soil data input in SWAT 

4.3.2.2. Soil database for SWAT-VSA 

For SWAT-VSA, the soil map was initially crossed with Soil Wetness Index (SWI), 
containing six classes (Equal-area). The cross function was applied to assess the percentage of the area 
of soil type falling in each wetness class. The dominant soil type in each wetness class was used to 
define the soil properties for that class. Look up table was created for linking the SWI map with the 
soil database. 

4.3.2.3. Soil database for SWAT-Him 

For SWAT-Him, the soil map was crossed with the SWI (three classes, the basis for 
formation of these classes is explained in the model implementation of SWAT-Him). The average soil 
properties were extracted from the three most dominating soil types by taking mean values for each 
soil property and henceforth look up table was created for linking the SWI map with the extracted soil 
database. 

4.3.3. Soil moisture measurements 

Soil moisture is of fundamental importance for runoff related studies as the soil moisture 
content affects the infiltration capacity. Soil moisture measurements were needed for validating 
relationship between the soil moisture content and Soil Wetness Index (SWI), latter being important 
parameter for runoff studies in areas dominated by saturation excess response to rainfall. 

Soil moisture measurements were taken in the study area for approximately 15 days interval 
for four different dates. Soil moisture measurements were taken using Theta probe soil moisture 
sensor. Theta probe measures soil moisture volume percentage by applying the Frequency Domain 
technique. It measures the changes in the dielectric constant. The changes are converted into a 
millivolt signal proportional to the soil moisture content. It gives the average reading at a depth of 5 
cm from the surface of measurements. Fig 4: 9(a) depicts the readings being taken by thetaprobe in the 
field. 

Total 23 points were monitored for the soil moisture (Fig 4:10), Out of these 10 points were 
taken on two hill transects. One transect was in the pipalsar sub-basin (Insat Fig 4:10) and other one 
was near koti village (Insat Fig 4:10). Sampling points were taken depending upon the proximity to the 
motorable road and according to different land-use/cover types using stratified random sampling 
technique. Soil moisture was measured at three different intervals. At each point the first reading was 
taken at surface and the succeeding readings at 15cm and 30 cm respectively (Appendix-1). To take 
the readings exactly at same point, a mark was crafted on the nearby tree, as seen in the fig 4:9(b). 
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             Figure 4: 9 (a) using Thetaprobe in the field        (b) tree mark for identification of points 
 
  

 
Figure 4: 10 Location map showing points taken for soil moisture observations 

 

4.3.4. Measurement of infiltration rate and saturated hydraulic conductivity (Ksat) 

The infiltration rate is the velocity at which water enters into the soil. It is expressed in terms 
of height of water per ground surface and per unit of time (mm/min). The infiltration capacity of a soil 
decreases rapidly over time during the infiltration. Consequently it reaches a constant value, which is 
equal to saturated hydraulic conductivity (Ksat). The downward speed of infiltrating water depends on 
the texture, structure and stratification of the soil, the soil moisture content and the groundwater level 
(Hillel, 1980).  

Infiltration rates and Ksat were measured in the field for 16 locations, distributed over various 
land use/cover and geomorphic units (Fig 4: 11). Infiltration rate and Ksat were determined by the 
double ring infiltrometer. It is a simple instrument used for determining water infiltration of the soil. 
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The rings are partially inserted into the soil and filled with water, after which rate of infiltration is 
measured. The double ring limits the lateral spread of water after infiltration. 

  Sampling points were chosen according to the physiographic units by stratified random 
sampling method, Site for the sample was carefully selected keeping in view  
1. The nature of surface  

• Un-ploughed  
• Optimum soil moisture  
• Even surface without any depressions and slope effect   

2. Away from road and  
3. Availability of water source. 

Besides measuring infiltration rate, soil samples were also collected for the analysis of the 
texture, organic carbon and bulk density in the soil lab. 

 

 
Figure 4: 11 showing observation points for Ksat and infiltration rate 

 
Laboratory analysis of the samples (Ksat) for texture, organic carbon and bulk density  

Soil samples collected from the observation site of Ksat were anlysized for texture, organic 
carbon and bulk density. Texture analysis was performed by hydrometer method. The samples were 
treated with hydrogen peroxide for removing soil organic matter; Sodium hexa-meta-phosphate was 
applied for dispersing soil particles, samples were electrically stirred and transferred to 1000 ml 
cylinder. The particle size proportion was then recorded on the basis of settling of soil particles using 
Stoke’s law. 
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Organic matter was estimated using  Rapid Titration method (Walkley and Black, 1934). 
Samples were oxidized using potassium dichromate in presence of sulphuric acid, samples were 
slowly digested at low temperature, excess of potassium dichromate not reduced by organic carbon 
was titrated back against standard solution of Mohr salt in presence of sodium fluoride and ortho 
phosphoric acid as flocculating agents; diphenylamine was used as an indicator and end point of 
titration was recorded based on the visual color change from violet to green. Subsequently organic 
carbon was calculated from organic matter by following formula: 
Organic carbon (%) = Organic matter/1.724 

For bulk density, soil clods collected from the field were weighed and dipped in melted wax; 
volume was measured by recording the displaced amount of water by wax coated soil clod in a water-
filled cylinder of 500 ml capacity. Finally bulk density was calculated as = mass of clod (gm)/volume 
of clod (ml). Fig (4: 12) shows the analysis for the above mentioned process, being carried out in the 
laboratory. 

 

   
Figure 4: 12 Laboratory analysis of the samples (ksat) 

 

4.3.5. Topographic database 

1) The Shuttle Radar Topography Mission (SRTM) DEM, having 90 meter spatial resolution was 
taken from IIRS online Database. 

 
2) Toposheet derived DEM: The contours were digitized from the Survey of India toposheet No. 

53 F/15 having 20m contour interval. The contours in conjunction with spot heights were 
interpolated in Arcgis 9.1 to generate a DEM having cells size of 20m. 

 
3) DTM prepared from Cartosat-1 having 2.5 meter cell size with accuracy ranging from 4 to 10 

meters was obtained from the IIRS database. Elevation values of the DTM plotted through 
Surfer (software) are shown in Fig 4:13. As the study area fall in the two different Cartosat 
scenes, Cartosat-1 DTM for the lower part of the watershed was missing, the toposheet DEM 
was mosaiced with Cartosat-1 DTM to fill in the data for the lower part. 

 
4) Drainage lines were digitized from the Survey of India toposheet No. 53 F/15. 
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Figure 4: 13 showing DTM elevation values plotted in surfer. 

4.3.6. Soil Wetness Index (SWI) 

Soil Wetness Index (SWI) was prepared from the Cartosat-1 DEM in combination with observed 
values of saturated hydraulic conductivity and soil depth by the given equation (Lyon et al., 2004). 

 SWI = ⎟⎟
⎠

⎞
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⎝

⎛
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α
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n  

Equation 4: 16 
Where α is the upslope contributing area for the cell per unit of contour line (m), βtan is the 
topographic slope of the cell, and T is the transmissivity (soil depth x saturated soil hydraulic 
conductivity) of the uppermost layer of the soil (m2d-1). 
The above equation was implemented in Arcgis 9.2, stated below: 
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Equation 4: 17 
Tan (function) was applied onto slope map which was calculated in radians from Cartosat-1 

DEM, further the resultant Tan (slope map) was multiplied with soil transmissivity map derived from 
the combination of Ksat and soil depth map. The product of the two maps was divided with the flow 
accumulation map, which was initially multiplied with the cell area. Natural log (ln) function was 
applied to the result, to get the soil wetness map. 

4.3.7. Weather database 

Weather data was collected from the Selakui weather station of Soil and Water Conservation 
which is about 5 km from the study area. Weather data included the mean monthly value for maximum 
temperature, minimum temperature, wind velocity, and relative humidity (Table 3:1). Daily rainfall 
data was collected from two automatic rain gauges installed at two different locations in the study 
area, for 2008 (Fig 4:14). 
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Figure 4: 14 Rainfall data being downloaded from the automatic rain gauge 

 
Rainfall data for 2008 was processed in Box Pro 4.0, to obtain the number of rainy days in 

month, maximum half hour rain in month and average intensity in 1 hour. (Table 4:5). Average 
intensity was calculated by filtering the rainfall data into two minute interval and hence thereby 
calculating the total duration of rainfall, which was divided by the total rainfall to get the average 
intensity in one hour. 

 
Table 4: 5 Analyses of the rainfall data for 2008. 

Month Total 
Rain(mm) 

No. of 
rainy 
days 

Max 30 
min 
rain 

Duration 
(hours) 

Average 
Intensity 
(mm/hour) 

May 115.3 14 28.4 5.93 19.4 
June 657.1 21 24 33.53 19.6 
July 707 27 40 38.10 18.6 
August 845 25 40 43.63 19.4 
Sept 191.5 12 32 12.70 15.1 
October 49.5 4 22.5 1.87 26.5 
Total 2565.4 103 40 135.77 18.9 

 

4.3.7.1. Weather database for SWAT  

Weather database for the last five years (2003-2007) was stored in the SWAT database 
through SWAT’s weather data input interface (shown in fig 4:15). Daily rainfall data for 2008 was 
stored in dbase tables. Look up tables were prepared for linking the weather station location and rain 
gauge location to weather database and rainfall data respectively. 
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Figure 4: 15 Interface for weather data input in SWAT 

4.3.8. Runoff data 

A rectangular weir structure was constructed at second order stream of Pipalsar sub-
watershed to record surface run-off using automatic stage level runoff recorder (Fig 4:16). It records 
daily runoff at 15 minutes interval. The instantaneous discharge was calculated using rectangular weir 
formula and rating tables. The total daily discharge was calculated using daily runoff-hydrographs. 
Runoff data for 2008 was collected for Pipalsar sub-watershed during the study. 

 

 
Figure 4: 16 showing the automatic runoff recorder at the outlet of pipalsar sub-basin 

4.3.9. Sediment yield data 

Sediment yield was collected manually for 12 rain events in the monsoon season (July, 
August and September) from the site of automatic runoff recorder for pipalsar sub-basin. Sampling 
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was done at regular interval between the rain events. 1 litre sampling bottles were used for the sample 
collection. Fig 4:17 depicts the storm flow at the outlet. 

 

  
     

Figure 4: 17 showing the storm flow at the outlet 
Sediment yield estimation 

Collected sediment samples were anlysized by Sediment Filtration Process. Weight of the dry 
filter was recorded, then the sediments were filtered through the filter (Fig 4:18). The filter containing 
sediments was oven dried and the weight of the filter + sediment was recorded. Subtracting the weight 
of filter from the filter + sediment gave the sediment weight. The sediment weight was then compared 
with the volume of water to get the sediment concentration in mg/liter (Appendix-2) 

 
Figure 4: 18 Sediment filtration process 
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4.4. SWAT model implementation 

4.4.1. DEM set up 

First step in modelling was defining the DEM data to the model. Three different DEM data of 
different resolution (SRTM, Toposheet and Stereo-Cartosat-1) were provided and the results were 
analyzed. Subsequently DTM generated from stereo-cartosat-1 data of spatial resolution of 2.5 meter, 
was chosen over the others as base DEM for the model. Horizontal and vertical units of the DEM was 
defined in meters and it was projected to the Universal Transverse Mercator (UTM) under zone 43rd. 
(DEM data was a projected data, but the user has to redefine it in the AVSWAT-X interface). Mask 
containing the spatial extent of the study area was provided for reducing the time of processing. 
Drainage lines were provided to the model for better hydrographic segmentation and sub-basin 
delineation (Neitsch et al., 2005). DEM data was then processed to remove all the non-draining zones 
(sinks). Fig 4: 19 depicts the drainage lines and mask overlaid on the DEM data. 

 
Figure 4: 19 Automatic delineation of the watershed 

4.4.2. Stream definition 

In this section, initial stream network and sub-basin outlets were defined. The interface listed 
4.3, 86.1 and 1723 hectares as a minimum, optimum and maximum sub-basin area, respectively after 
processing of the DEM in arc view 3.2 (Fig 4: 20). Optimal threshold area (critical source area) of 86.1 
hectares was adjusted to 50 hectares for the sub-basin delineation so as to get a sub basin of 
approximate same size for which runoff data was available. A less detailed watershed can be 
delineated by choosing a bigger threshold area. 
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Figure 4: 20 showing the threshold area defined for delineation of sub-basin 

 

4.4.3. Outlet and inlet definition 

Watershed delineation was more refined in this section by defining the outlet point of 
discharge for the sub-basin and for the whole watershed. Spatial location of the automatic runoff 
recorder was provided to the interface through the dbase table. Outlet for the whole watershed was 
defined manually. Fig 4: 21 shows the dbase table of x,y location of runoff recorder, which was 
provided to the interface. The area of the sub-basin was cut short from previous defined sub-basin area 
after defining the outlet as seen in the (Fig 4: 21). 

 
Figure 4: 21 Delineation of the Pipalsar sub-basin 

 
Final step in the delineation of the watershed was calculation of basin parameters such as 

geomorphic parameters and relative stream reach. Topographic report was created which contained the 
summary and distribution of discrete land surface elevations in the sub-basins. 

4.4.4. Defining land use/soil data  

Land use 
For each of the delineated sub-basin, land use and soil data were defined for modelling of 

various hydrological and other physical processes. The prepared composite land-use from visual and 
digital maps was given as input to the model. The look up table containing various SWAT land 
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cover/use class codes was used for linking the SWAT’s land-use database to the land-use layer. It was 
linked through the look up table option and based on the table values the land-use map was 
reclassified. Fig 4: 22 describes the linkage of land-use layer with the land-use database through look 
up table. 

Land-use Layer           Look up table                 Database

 
Figure 4: 22 Linking of the land-use layer with the database 

Soil 
Soil physical attributes were initially stored to the SWAT’s soil database through an 

interface, relevant information required for hydrological modeling and soil erosion modeling was 
provided to the model, description of the soil data is given in the previous section. The database was 
linked to soil map through the look up table which was again linked to the soil map, which was given 
as input to the SWAT model (Fig 4: 23). 

Soil layer                 Look up table            Soil Database

 
Figure 4: 23 Linking the soil layer with soil data 

Subsequently, land use and soil map were overlaid for each sub-basin which forms the basis 
for the formation of Hydrological Response Units (HRUs).  

4.4.5. HRU distribution 

After the overlay of the land-use and soil maps was completed the distributions of the 
Hydrological Response Units (HRUs) were determined. Subdividing the watershed into areas having 
unique land use and soil combinations enables the model to reflect differences in evapotranspiration 
and other hydrologic conditions for different land covers/crops and soils. There are two methods for 
creation of HRU, one was dominant land use and soil, in which the dominant land use type and soil 
type is used to define one HRU for each sub-basin. The second method considers multiple HRUs for 
each sub-basin; number of HRUs can vary according to the requirement of user. The second method 
was chosen, purpose was to analysis the effect of different land use and soil type combinations to 
runoff and sediment yield, further using small and relatively uniform HRUs reduces the error due to 
lumping (Geza and McCray, 2008) 
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The effect of creation of more number of HRUs to that of lesser HRUs was also analyzed. 
Detailed report regarding the land use, soil types and description of HRUs for each sub-basin was 
generated.  

4.4.6. Defining weather database 

SWAT requires daily values for precipitation, maximum and minimum temperature, solar 
radiation, relative humidity and wind speed for modelling of various physical processes; daily rainfall 
being most important.  

 Rainfall data for the two gauging locations was provided, which contained location of the rain 
gauge site, these locational tables were linked with the data table, which contained the daily values for 
the rainfall. Similarly the Automatic Weather Station (AWS) of Soil and Water Conservation located 
at Selakui (10 km from study area) was given; the location table was linked to the SWAT weather 
database where the observed weather data for the past five years (2003-07) at Selakui was stored. 
Daily values of maximum and minimum temperature, solar radiation, relative humidity and wind 
speed were generated from the given data of daily rainfall and monthly average climatic data by 
WXGEN weather generator model (Sharpley and Williams, 1990). Fig 4:24 shows the links for 
relating rainfall and climatic data to the model. 

 

 
Figure 4: 24 Linking of the weather data with the model 

4.4.7. Processing of default database 

Basic datasets such as sub-basin general data, weather generator data, soil data, HRU general 
data, main channel data, ground water data, soil chemical data, pond data, and stream water quality 
data were processed. Manning’s “n” for tributary and main channel was kept default at 0.014 as data 
about the stream geometry was not available. Plant growth heat units were generated from the local 
climatic data (selakui). 
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4.4.8. Defining management data 

Important step in the modelling was to define information relating to management for the 
various land cover/use. For the main crops such as rice and maize, plant growing season, tillage 
practices and harvesting periods were defined. Other than this, modifications were made to the P factor 
according to the given values for study area. Fig 4: 25 show the interface for defining the management 
data. 

 
Figure 4: 25 Interface for defining the management data to the model 

4.4.9. Setting up of the model for simulation 

Evapotranspiration is the primary mechanism by which water is removed from watershed. It 
includes evaporation from plant canopy, transpiration, sublimation and evaporation from the soil. 
SWAT uses three methods for estimating Potential evapo-transpiration (PET). Out of these, Priestley-
Taylor method (Priestley and Taylor, 1972) was chosen over the others methods because of its 
suitability for humid conditions and ability to generate daily values from average data (Neitsch et al., 
2005). The other methods such as Penman-Monteith method (Monteith, 1965) and Hargreaves method 
(Hargreaves and Samani, 1985) were ignored because of limitations arising due to daily data 
requirement of weather data. 

Daily rain/CN/Daily which refers to daily rainfall/curve number runoff/daily routing, method 
was used for determining precipitation time step, runoff calculation method and routing time step. 

Skewed Normal Distribution method (Nicks, 1974) was used to determine rainfall amount 
(rainfall map) for the area based on the daily rainfall data for the two given locations. The other 
method of Mixed Exponential was ignored, which is used when the daily rainfall data is lacking. 
Model was run on the daily and annual basis. 

4.5. SWAT-VSA model implementation 

Automatic delineation and definition of the land use in SWAT-VSA was same as was done in 
SWAT model. 

4.5.1. Defining the Soil Wetness Index 

Soil Wetness Index (SWI) map was classified into six classes. SWI was given as input to the 
model instead of the soil map and look up table was used for linking the SWI map to the SWI soil 
database. Fig 4: 26 describe the linkage of the SWI map with the SWI database. Land use map was 
overlaid to SWI for creation of HRUs. 
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SWI layer                 Look up table              SWI  Database

 
Figure 4: 26 Linkage of the SWI layer with soil database 

4.5.2. Defining CN equation for the SWI classes 

Default CN calculated by the model (which was based on the land/use and soil properties of 
the SWI) was modified for each SWI class. CN was defined linearly with SWI-1 having lowest CN 
value and SWI-6 having highest CN value. It was defined independently for each land-use and SWI 
class combination, but the land use effect was ignored. E.g. for SWI class I the CN was defined as 67, 
which was kept similar for rice as well as maize crop land, thus was constant for all the land use 
categories and effectively ignored them. It was defined manually 66 times for the different land-use 
(11) and SWI classes (6) combinations. 

4.5.3. Defining setup information 

Others input such as crop calendar (management file), Potential evapotranspiration, 
rainfall/runoff/routing method and rainfall distribution were kept similar with that of SWAT model. 
Model was run on daily and annual basis. 

4.6. SWAT-Him (Implementation of proposed modifications in SWAT-VSA 
model) 

Steps for automatic delineation and definition of Land-use in SWAT-Him were same as with SWAT 
and SWAT-VSA model. 

4.6.1. Defining Soil Wetness Index 

Hydrological Soil Group (HSG) map of the study area was prepared, and area falling under 
each HSG was computed. The next step was the classification of the Soil Wetness Index (SWI) into 
same number of classes as that of HSG map. Three different classes SWI_1, SWI_2 and SWI_3 were 
created. Area falling under each category was kept same to the corresponding class of HSG map, by 
adjusting the lower and upper value in classification process. Table 4:6 compares the area falling under 
different classes in the two maps. 

Table 4: 6 showing the area comparison between different classes of SWI and HSG 
HSG class Area (%) SWI class Area (%) 
B 20.4 1 19.8 
C 65 2 65.8 
D 14.6 3 14.4 

 
SWI was given as input to model in place of soil map and was linked to the soil database 

through look up table; soil database was generated from average soil properties taken from the three 
most dominating soil types in each SWI class. The hydrological soil group for each soil type was 
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modified according to the SWI, e.g. B (HSG) was defined to SWI_1, having the least probability to 
saturate and SWI_3 was defined D (HSG) which was having highest probability to saturate. Land use 
and SWI were overlaid for creation of HRUs. Fig 4:27 shows the linkage of the SWI map with soil 
database. 

SWI layer                     Look up table      SWI  Database

 
Figure 4: 27 Linkage of the SWI layer with the soil data 

4.6.2. CN equation 

 CN equation was not defined manually as in the SWAT-VSA model, but the model calculated 
CN automatically from combination the land use and soil wetness index, as the HSG was defined for 
each SWI class in the soil database. 

4.6.3. Defining management and setup information 

Management information was defined for rice and maize (corn), similarly to that with SWAT 
model. Other parameters such as Potential evapotranspiration, rainfall/runoff/routing method and 
rainfall distribution were also kept similar with that of SWAT model. Model was run for yearly and 
daily basis. 
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5. Results and Discussion 

5.1. Morphometric analysis  

Morphometric analysis of watershed was performed; the results are given in the table below 
(Table 5:1). Sitla rao is ranked as the fifth order stream, which is a measure of the relative size of 
streams according to stream ordering (Strahler, 1953), (Figure 5: 1, Table 5:2). Apart from stream 
ordering, other important watershed morphometric parameter assessed was drainage density. It is 
defined as the length of drainage per unit area and is determined by dividing the total length of streams 
within a watershed by the watershed area. A high drainage density reflects a relatively rapid 
hydrologic response to rainfall events, while low drainage density means slow hydrologic response 
(Meltan, 1957). Average drainage density calculated for the watershed was 2.66, which was 
considered to be high and could subsequently be detrimental in respect of rapid hydrologic response to 
rainfall (Yildiz, 2002). Fig 5: 2 shows the drainage density on a spatial scale. 

 
Table 5: 1 Morphometric parameters of the Sitla rao watershed 
S. No Parameters 

1 Watershed Area 47.27 km2 
2 Watershed Perimeter 45.54 km 
3 Total stream length 126 km 
4 Total No. of streams 164.0 
5 Mean Bifurcation Ratio 3.32 
6 Drainage Density 2.66 
7 stream Frequency 3.47 
8 Texture Ratio 3.60 
9 Form Factor 0.11 
10 Circulatory Ratio 0.29 
11 Elongation Ratio 0.40 
12 Compactness 0.52 
13 Relief 1789 
14 Relief Ratio 0.09 
 
Table 5: 2 Drainage characteristics of the watershed 
Stream Order No. Streams Stream length(km) Bifurcation Ratio 
1 121 69.0  
2 29 10.9 4.1 
3 10 17.4 2.9 
4 3 18.2 3.3 
5 1 10.5 3 
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Figure 5: 1 Stream ordering by Strahler method for Sitla rao watershed 

 
Figure 5: 2 Drainage density of the Sitla rao watershed 
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5.2. Land cover/use map 

Land cover/use map of watershed was prepared by following three different methods namely 
(i) Visual interpretation of IRS LISS III + Pan merged data  
(ii) Supervised classification of LISS IV data and  
(iii) Composite method (combination of visual and supervised classification). 

The classification results are given in (Table 5:3). Composite map, which was prepared from 
super imposition of visually interpreted map on to the results obtained from supervised classification 
(Fig 5:3), estimated rice cultivation (28%) as dominant land use in the watershed with dense forest 
cover (20%) as second most dominating land cover. Agricultural area (rice, maize and plantation) 
accounted for 47% area of the total watershed. Forest (dense / open) was the second major dominating 
land cover type with 39% of the total area. From comparison of the visual and digital classified maps, 
it was found that the area under scrub in digital classified map, decreased drastically in comparison 
with the visually classified map, which may be attributed to the spectral mixing of the scrub, barren 
and plantation land cover types. 

 
Table 5: 3 Arial extent of various land cover/use types in the watershed 

Area (Hectares)  
S.No 

 
Land cover/use Visual 

interpretation 
method 

Supervised 
classification 
method 

Composite 
method 

1 Rice 1037 1377 
2 Maize 783 

 
1613 805 

3 Plantation 37 485 128 
4 Dense forest 1213 1138 1008 
5 Moderate dense forest 517 607 454 
6 Open forest 371 438 443 
7 Scrub 552 193 242 
8 Barren 83 166 162 
9 Road 1.49 - 1.49 
10 Residential  61.54 - 61.54 
11 Water body 284 284 255 
Total   4940 4924 4937 
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Figure 5: 3 Composite map prepared from visual and digital techniques for the watershed 

 

5.3. Soil Wetness Index 

Soil Wetness Index (SWI) was prepared from stereo Cartosat-1 DEM and soil transmissivity 
(ksat/soil depth). SWI is by-product of the Topographic Wetness Index, which includes soil 
transmissivity as an additional parameter. SWI represents the saturation level in an area and 
consequently is  credited with the representation of variable source areas (Lyon et al., 2004). SWI 
values in the study area range from 4.8 to 18.2, the lower values signifying the unsaturated zones and 
higher representing potential zones of saturation (Figure 5.4). High values were observed in the 
downward cells, where the water accumulated. These were located near the stream areas. Low 
saturation zones were mainly the hill tops and outward flow areas. SWI pattern in the elevation 
varying areas (Himalayas, upper and middle piedmont) was quite significant, but in the lower parts 
(minimal elevation differences) the SWI patterns predicted higher values. The high values in the lower 
part were influenced by the method of SWI calculation. Multiple Flow algorithm (Quinn et al., 1991), 
which is embedded in the Arcgis for flow accumulation, was used. SWI (TWI) calculation by the 
mentioned algorithm has been reported to have high predictive power in the lower parts (Quinn et al., 
1991; Sørensen and Seibert, 2007). Extreme high values in the lower most regions were result of the 
toposheet DEM data, which was used to fill in the missing gap in the Cartosat-1 data. These high 
values were the result of the bigger cell size of toposheet DEM.  
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Figure 5: 4 Soil Wetness Index of the Sitla rao watershed 

 

5.4. Soil moisture measurements and relation with Soil Wetness Index (SWI) 

5.4.1. Temporal soil moisture in different land use/cover 

Water is held in the spaces between soil particles. Soil moisture is of fundamental importance 
to various hydro geochemical processes. Variability in soil moisture is controlled by temporal 
variability in atmospheric conditions, soil properties and spatial variability in land surface conditions. 
Soil moisture measurements were taken on four different dates (monsoon season) and were anlysized 
for getting an overall trend of the temporal variability of the soil moisture. Soil moisture content in the 
field increased from July (beginning of monsoon) to mid-August (peak of monsoon). For the July-18 
and Aug-12 observations, the sub-surface layer (10-20cm) observed values close to surface 
measurement (highly saturated), thus indicating the saturation of the lower layer with the progress of 
monsoon season. The variance among the soil moisture decreased as the monsoon progressed, thus 
validating the assumption that in the humid regions variance decreases as mean soil moisture content 
increases (Justin and George, 2007). Fig 5:5 depicts the mean soil moisture content while Fig 5: 6 
shows the variance in soil moisture for different dates. 
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Figure 5: 5 Mean soil moisture content for 23 observation points in the watershed 
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Figure 5: 6 Variances in soil moisture for 23 observations points 

 
Spatial variation in soil moisture measurements was observed in different land cover/use 

types. Mean soil moisture content was calculated for all the three layers for different land cover/use 
type for the ease of analysis. Dense forest cover was estimated as having the highest soil moisture 
content, followed by mixed/open forest. High moisture content in forest cover may be attributed to the 
presence of forest litter on soil surface as it holds water that moistens the surface Soil moisture in 
barren lands was low due to poor soil organic carbon matter, coarser texture soil as well as the low 
plant root density. Soil moisture in the maize field was initially low than the orchard, but thereafter it 
increased above in the latter. Farmers added high amount of manure which helps to hold more 
moisture in the soils. Thus, the effect of the land cover/use type was quite predominant in the soil 
moisture patterns in the area. Fig 5:7 shows the mean soil moisture for different land cover/use 
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Figure 5: 7 Mean soil moisture content (of three layers) for different land cover/use type 

 

5.4.2. Soil moisture distribution in relation with the soil wetness index (SWI) 

Topography has a significant control on the spatial variation of hydrological processes. Soil 
moisture variations are to an extent, dependent upon the topographic position in a landscape and has a 
linear relation with topography (Rodhe and Seibert, 1999; Sørensen and Seibert, 2007). Several 
topographic indices have been tested successfully for the prediction of the soil moisture (Western et 
al., 1999). Soil Wetness Index was compared with the soil moisture measurements. Mean soil moisture 
for all the four dates, was taken as a variable for spatial comparison, as the SWI do not explain the 
temporal variation in the data. Soil moisture observation points were plotted to the SWI map 
(classified into six classes) for comparison with the mean soil moisture.  Fig 5: 9 shows the plotted six 
measurements points on the pipalsar transect to the SWI classes. Mean soil moisture were correlated 
with the average SWI (3x3 pixel) values of all 23 observation points. A correlation of 0.44 was 
observed for soil depth 0-10 cm followed by soil depth of 20-30 cm (0.33) and depth of 10-20 cm 
(0.26) (Table 5:4). Relatively better correlation of the surface layer can be explained with the fact, that 
SWI represents saturation due to flow routing, which has greater effect on the surface than on sub-
surface layers. Figure 5:8 graphically shows the observed R2 for the surface mean soil moisture and the 
TWI. 

 
Table 5: 4 Statistical relationships between mean soil moisture and SWI. 

S.No Soil depth (cm) Regression Equation R2 Correlation 
1 0-10  y = 0.2345x - 3.8631 0.1938 0.44 
2 10-20 y = 0.1514x - 1.1549 0.0686 0.26 
3 20-30 y = 0.2519x - 3.9278 0.1098 0.33 
4 0-30 (mean) y = 0.228x - 3.4455 0.1304 0.36 
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Figure 5: 8 Correlation between mean surface (0-10cm) soil moisture and SWI 

 

 
Figure 5: 9  showing plotted soil moisture observation points to SWI classes 

5.5. Analysis of infiltration rate and saturated hydraulic conductivity (Ksat) 

Infiltration rate and Ksat play an important role in respect of the runoff potential of the 
concerned area. The soil texture and structure, vegetation cover, water content of the soil play 
dominant role in controlling the infiltration rate and Ksat. 
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16 observation points representing dominant land use/cover and geomorphic/physiographic 
units were measured using double ring infiltrometer for determining infiltration and Ksat. Strong 
correlation was observed between infiltration rate and Ksat. Observed values of the infiltration rate 
and Ksat for various land use/cover and physiographic units are given in table 5.5. Following sections 
discuss about the observed values of the infiltration rate and Ksat in the concerned physiographic 
units.  

Table 5: 5  Infiltration rate and Ksat for different physiographic units 

SD-ksat (standard deviation for Ksat), BD (bulk density gm/cm3), OC (organic carbon), SM (soil 
moisture), CF (coarse fragments) 

High infiltration rates and Ksat were recorded in four major physiographic land use/cover 
units. Agricultural areas on the side slope of hills, upper piedmont and middle piedmont were recorded 
as most permeable. High values of Ksat and infiltration were attributed to the nature of the surface 
which was less compact, due to ploughing. Soil properties in these areas were characterized by high 
organic carbon% and sand% and low bulk density, which affected the soil infiltration rates. Other than 
mentioned above, forest in the upper piedmont also was recorded to have high permeability, which can 
be explained in relation to the high sand % and low bulk density. High percentage of coarse fragments 
in these units was the other major reason for high values of infiltration and ksat. 

Infiltration rate and Ksat were recorded low in forest areas on the side slope of the hills and 
middle piedmont physiographic units. Low permeability in these two units can be explained in relation 
to soil properties which were characterized by high bulk density and low organic carbon. Side slope of 
the hills covered with forest cover are moderately to severely eroded, which caused removal of surface 
soil. It favoured low organic matter and development of compact surface as fine soil particles filled 
into soil pores that resulted high bulk density of soil. Agricultural areas in lower piedmont were also 
recorded low permeability, mainly due to formation of compacted sub-surface layer developed 
because of paddy cultivation (mechanized) in coarse textured soil. Apart from the above mentioned 
reasons, low coarse fragments in these areas affected the infiltration and Ksat. Fig 5:10 graphically 
shows the infiltration rate and Ksat for different physiographic units. 

 

 
Surface soil characteristics 

 
Physiographic units 
(Land use/cover) 

 
No. 
of 
obs. 

 
Infiltra
tion 
mm/hr 

 
Ksat 
mm/
h 

 
SD- 
ksat 

BD  OC 
% 

Sand 
% 

Clay 
% 

Silt 
% 

SM % Soil 
texture 

CF 
% 

 
1 41 24 0 1.52 0.93 45.6 19.4 35 22.1 Loam 15 

(A) Hills (side lopes) 
(i)  Forest 
(ii) Agriculture 3 246 72 15.2 1.11 2.59 53.6 17.6 28 15.5 SL 30 

 
2 132 62 14.1 1.28 1.62 57.1 15.9 27 20.1 SL 35 

(B) Piedmont (upper) 
(i) Forest 
(i) Agriculture 2 219 39 21.2 1.57 1.86 44.1 17.4 38 18.3 Loam 25 

 
2 47 22 2.8 1.61 0.88 47.6 10.4 42 25.1 Loam 10 

(C) Piedmont (middle) 
(i)Forest 
(ii)Agriculture 3 216 74 40.8 1.29 2.20 47.2 12.8 40 20.1 Loam 20 

 (D) Piedmont (lower) 
(i)Agriculture 3 47 8.2 3.0 1.62 0.50 44.6 14.4 41 14.6 Loam 0 
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Infiltration rate and ksat for different physiographic units

41

246

132

219

47

216

47
24

72 62
39

22

74

8.2
0

50

100

150

200

250

300

Hill forest Hill Agric P1-Forest P1-Agric P2-Forest P2-Agric P3-Agric

Physographic units

m
m

/h
r

Infiltration rate
ksat

 
Figure 5: 10 Infiltration rate and Ksat for different physiographic units 

5.6. Characterization of runoff mechanism in the watershed 

 Surface runoff may occur from two main mechanism; infiltration excess and saturation 
excess; through flow and subsurface flow being other divisions of saturation excess mechanism 
(Dunne et al., 1975). Infiltration excess runoff mechanism (Horton, 1933) is thought to be dominant in 
areas of low vegetation cover and high rainfall intensity, however in humid areas with thick vegetation 
cover, the measured infiltration capacities are generally higher than normal rainfall intensities which 
leads to the dominance of the saturation excess (Kirkby, 1969). In these areas, rainfall intensity only 
exceeds storage capacity on the variable area of near-saturated soils. Thus only few saturated zones 
produce runoff contrary to whole watershed contributing to runoff. In such areas, infiltration excess is 
confined to locations such as roads, areas denuded of vegetation and areas with lower infiltration rate 
than normal rainfall intensities (Dunne et al., 1975) 
  In Sitla rao watershed, runoff is generated by saturation excess response to rainfall. The soils 
in the watershed are of permeable nature with high sand percentage (sandy loam), the area experiences 
monsoonal climate which accounts for wet conditions (2557 mm of rainfall in five months from may 
to sept) and subsequently results in dense vegetation in the area (sub-tropical humid climate). Thus, 
mentioned facts justify the dominance of saturation excess mechanism in the area. 

Further, infiltration capacities are higher (22-72 mm/hr) than the normal rainfall intensity 
(average 18.8 mm/hr) in most of the area. Thus excluding the roads, residential area, barren land 
(vegetation denuded) and lower piedmonts (lower infiltration rate of 8mm/hr) which together accounts 
less than 10% of the area, the most of the watershed area is dominated by saturation excess runoff 
mechanism. Soil Wetness Index (representative of soil moisture) further characterizes the area into 
zones of low to high saturation. 

5.7. Modelling runoff with SWAT Model  

SWAT is a diversified and complex model; analysis was carried out while implementing the 
model. Several model parameters of runoff and erosion were derived and tested to simulate surface 
runoff and erosion for the hilly watershed. SWAT model was implemented systematically which could 
be discussed as fallows. 
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5.7.1. Automatic delineation of the watershed 

Three DEM data, SRTM DEM (90 meter), DEM created from toposheet (20 meter) and 
Stereo-Cartosat-1 DEM (2.5 meter) of mentioned spatial resolution were tested for the automatic 
delineation of the watershed. SWAT model extracts the watershed area on the basis of flow 
accumulation algorithm considering drainage map. Flow accumulation algorithm rout flow of cell to 8 
different directions depending upon the cell value. For extraction of pipalsar sub-watershed, outlet 
point was defined as the base point for delineation. Cartosat-1 DEM with finer resolution performed 
better in the delineation of watershed and sub-watershed boundaries than the other two DEM, which 
were of coarser resolution. The better performance was attributed to the detailed information of 
elevation through finer cell size. Area extracted by cartosat-1, 44 km2 (Fig 5:11) was close to actual 
area of the watershed (49 Km2). Toposheet DEM (20 m resolution) extracted 38 Km2 (Fig 5-12(a)) as 
watershed area, while SRTM DEM (90 m resolution) extracted only 21 km2 of the area (Fig 5-12(b)). 
In relation with the above results, only cartosat-1 DEM was able to extract the Pipalsar sub-watershed, 
the other DEMs failed to do so because of the less detailed extraction of drainage lines (no drain was 
simulated for the sub-watershed even after giving the outlet point). Thus the effect of the spatial 
resolution (pixel size) was clearly visible in the automatic delineation of watershed boundaries.  

 
Figure 5: 11 Watershed area extracted by cartosat-1 DEM 

 
Figure 5: 12 (a) Watershed area extracted by toposheet DEM (b) by STRM DEM 
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5.7.2. Hydrological Response Unit (HRU) generation 

Defining the number of HRUs was a two-step process, first land-uses were chosen and then 
the different soils for each land use were chosen. 

In first step number of land use units were defined, which were to be considered for generating 
HRUs. The number is controlled by threshold value given for each sub-basin. Suppose if the threshold 
values is given 5%, then the model will exclude all the land cover classes from modelling that occupy 
less than 5% of area in particular sub-basin. When the area of threshold was defined small value (1%), 
the model included the residential and road network types in HRU creation which affected the model 
output in terms of the increase in runoff amounts. But when the threshold area was increased (10%) 
then it excluded the residential and road area in HRU creation and thus runoff decreased sharply. 
Thereafter the threshold value was calibrated and adjusted appropriately to account various land use 
types covering significant area in the watershed while defining HRUs. Second step control was not 
altered as soil types were defined on the basis of physiographic units, so they occupied more or less 
same area as land use types. 

A threshold of 5% for land use and 5% for soil was used, which deducted any land use that 
occupied less than 5% of the land in sub-basin and any soil that represented less than 5% of land use in 
the sub-basin. 

5.7.3. Management options 

Modification made to management files significantly altered the runoff potential, bringing 
runoff more closer to the observed data. Crop calendar and tillage practice was incorporated to the 
model for better hydrological simulation. 

SWAT’s plant growth model is based on a heat theory suggested by (Boswell, 1929). A heat 
unit theory postulates that plants have heat requirements that can be quantified and linked to time to 
maturity. SWAT by default assumes all the plants to have sowing date from the beginning date of 
model run, since cover (C) factor is related with the plant growth cycle, the assumed maturity stage of 
the plants (especially for rice and maize) in relation to starting date of model run deviates the model 
from reality.   

For analyzing the effect of plant growth cycle on runoff, model was first run with default plant 
growth cycle. In the second run, planting and harvesting dates for the maize and rice were provided. 
Results pointed toward changes in the runoff predicted from the two model runs. With incorporation 
of crop calendar, the runoff amount changed in conjunction with it, with comparatively decreased 
runoff and soil erosion at the time of maturity (maximum plant cover) to the beginning of sowing 
season.  

RMSE of the SWAT predicted runoff to observed runoff for first scenario (default 
management) stood at 11.37, which reduced to 10.88 after incorporation of crop calendar. Further with 
the incorporation of tillage practice (terrace cultivation) for rice and maize, the RMSE reduced to 10.2.  

Plant growth for other land cover types such as forest was not tempered, as by default the 
model assumes them to have attained maturity stage, which was in conjunction with the reality. 

5.8. Model calibration 

Model calibration is a process of changing the values of model input parameters, in order to 
match the observed values within some acceptable criteria. Model was calibrated for the pipalsar sub-
watershed, equipped with automatic runoff recorder at outlet. Sub-watershed is representative of the 
area, with dominance of maize and rice crops, followed by forest type. Detailed and reliable datasets 
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for land cover/use, soil properties, management practice and daily rainfall were provided for better 
simulation of the reality. Fig 5:13 shows the 3D-view of the Pipalsar sub-watershed equipped with 
runoff recorder and automatic rain gauge. 

 
Figure 5: 13  showing 3D view of the Pipalsar sub-watershed 

 
Model was first calibrated for runoff, followed by sediment yield calibration. 17 rain events 

which depicted reliable and clear hydrographs were selected from the 2008 runoff data. Hydrographs 
were interpreted in Microsoft excel to obtain, total storm flow at the outlet for particular rain event. 
AVSWAT-2000 interface of SWAT model was used for the model calibration instead of AVSWAT-X 
interface of SWAT model, since the calibration process in former was manual method and in latter it 
was automatic. Fig 5:14 shows the calibration interface used in AVSWAT-2000. 

 

 
Figure 5: 14 Interface used for calibration of the model 

Rain gauge 
Runoff recorder 
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All the three models SWAT, SWAT-VSA and SWAT-Him, overestimated the runoff. RMSE 
calculated for predicted to observed runoff were 10.2, 11.38 and 9.7, respectively. The high RMSE for 
SWAT-VSA should not be mistaken as poor performance of the model, since value of CN is 
determined in calibration process. Conceptually the runoff amount from the three models is to remain 
similar excluding some minor variations.    

The variation in prediction to observed runoff for all the three models was small for low 
rainfall amount (daily) and high was observed for high rainfall amount (daily). Reason was the model 
assumes the rainfall distribution to be Gaussian in nature and takes into account maximum half hour 
rain for specific month while calculating the peak flow, but observed rainfall intensities in area were 
less (18mm/hr) and in case of large daily rainfall amount, numerous smaller rain events were observed 
(bi-modal distribution) in contrary to a normal bell shaped curve (single rain event for day) as assumed 
by the SWAT model. 
 Initially established parameters such as Curve Number (CN), Available Water Content 
(AWC) and soil evaporation compensation factor (ESCO) were altered for model calibration (Neitsch 
et al., 2005). Repeated alterations of the model were performed by adjusting the CN and AWC values. 
ESCO factor was not considered for the calibration process, since its effect on the model output was 
negligible due to humid climatic conditions in the area. The response of three models to the calibration 
process was similar, with minor variations. Finally a good fit was observed between the model output 
and observed runoff by decreasing CN value by -3,-2.7 and AWC by 0.025, 0.030 for SWAT and 
SWAT-Him, respectively. RMSE of 8.44 and 8.41 were estimated after adjusting these values for 
SWAT and SWAT-Him, respectively. When one high rainfall event (for which models were still 
predicting high runoff) was neglected from calculation, the observed RMSE was 4.08 (SWAT) and 3.8 
(SWAT-HIM).  

For SWAT-VSA, CN and AWC values were reduced by -4.6 and 0.028 to obtain RMSE of 
8.42, when the high rainfall event was not considered, RMSE was 4.12. Reduction in AWC, gave 
better prediction of the hydrological processes, with decrease in runoff in the beginning of monsoon 
(unsaturated soils) and slight increase in monsoon peak (saturated soils). Fig 5:15 depicts the 
relationship between predicted to observed values with the three models. It can be observed that the 
runoff from the three models remained same (with minor variations), which compliments the 
conceptual basis of the models. 
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Figure 5: 15 Relationship between observed to the predicted runoff 
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For sediment yield, all the three models under predicted the sediment yield to the observed 
data. Six out of 12 events, for which sediment-runoff data was available, were used for the model 
calibration. Sediment concentrations in four rain events were under predicted by the model, while two 
were over predicted. RMSE for sediment yield increased to 0.12 from 0.11 after calibration of the 
model, since the calibration process amounted to decrease in runoff and consequently to sediment 
yield.  

Support practice factor (USLE_P), cover and management factor (USLE_C), biological 
mixing efficiency (BIOMIX), and topographic factors (slope length (SLSUBBSN) and slope steepness 
(SLOPE)) were used for calibrating the model for sediment yield. Significant variations in both runoff 
and sediment yield were noticed in the model output in the calibration process, changing parameter 
value was affecting the calibrated value of the runoff. Finally with decrease in USLE_C by 10% and 
increase of 15% in slope steepness, yielded the most satisfactory results in the estimation of the 
suspended sediment concentration (RMSE of 0.11, 0.12, 0.09 for SWAT, SWAT-VSA and SWAT-
Him, respectively); with negligible effect on predicted runoff amount. Increasing slope steepness was 
logical, as significant slope variations (15-70%) in the pipalsar sub-watershed were observed.  

Under prediction of the sediment yield by the model can be explained in terms of the disturbed 
nature of the watershed (road construction activity), which the model did not took into account. Fig 5: 
16 shows the observed versus predicted sediment yield for the three models. 
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Figure 5: 16 Relationship between observed to the predicted sediment yield 

5.9. Modelling surface runoff 

5.9.1. Surface runoff predictions with SWAT model 

After the calibration process, model was run on the yearly scale to show the runoff from each 
HRU (SWAT predicts runoff from HRU, when run on yearly scale, not on monthly or daily). Analysis 
of the results was done in context of the Pipalsar sub-watershed. During field work (sediment 
collection) 10 rain storms of different intensity were closely monitored and runoff pattern within the 
sub-watershed was properly understood. It was observed that for low to medium intensity rain storms, 
only few areas were contributing to runoff, such as road, areas lying near the streams such as rice 
fields (because of saturated fields), scrubs and variable source areas (as seen in fig 5:17). For high 
intensity rain, though every area was contributing to runoff, but still the runoff initiation from these 
areas was fast in comparison to others and therefore, logically overall contribution was more. 
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Figure 5: 17 showing variable source area in the pipalsar sub-watershed 

 
SWAT modelled runoff according to the land use and soil type, since land use types vary with 

the soil type. Thereby, only four HRUs were created for the sub-watershed according to four major 
land uses in the sub-watershed. Rice fields were contributing highest amount of runoff, followed by 
scrub, maize and forest cover. SWAT ignored any topographic effect in depicting runoff pattern, every 
location in specific land use/cover contributed same amount of runoff. Rice crop and scrub areas 
located near the streams contributed same runoff to that located far away from the streams, thus 
SWAT model largely ignored any spatial effect of saturation (variable source areas). Fig 5:18 depicts 
the simulated HRU runoff map generated using SWAT in Arcgis.  

 

 
Figure 5: 18 HRU runoff map for SWAT model 
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5.9.2. Surface runoff predictions with SWAT-VSA model 

For SWAT-VSA, 21 HRUs were created from the combination of six soil wetness classes 
(SWI) and four major land uses. Runoff amount was same in each wetness class irrespective of land 
use, only minor variations were observed due to effect of crop calendar. For e.g. in SWI class VI, 
almost same amount of runoff from cropland such as maize, rice was modelled. For the land cover 
other than crop land (for which there was no crop calendar) such as scrub and forest, exactly equal 
amount of runoff was modelled in all the SWI classes, e.g. for SWI-I, forest and scrub showed same 
amount of runoff (662 mm) and for SWI-II forest and scrub also modelled same amount of runoff of 
757 mm.  

Thus, SWAT-VSA largely ignored land cover/use effect in modelling runoff. It considered 
only soil wetness index for runoff estimation. Fig 5:19 depicts the simulated HRU runoff map; in the 
insat is actual HRU map (land use/ SWI), which has been classified into six SWI classes for better 
visualisation of runoff. 

 

 
Figure 5: 19 HRU runoff map for SWAT-VSA model 

5.9.3. Surface runoff predictions with SWAT-Him model 

SWAT-Him generated 12 HRUs from the combination of three SWI classes and four major 
land uses. SWAT-Him modelled runoff according to the combination of the SWI class and land use. 
The highest runoff was modelled from HRU created with SWI-III (highest prone to saturation) having 
paddy area (land use having high runoff potential) followed by scrub land cover, of similar 
characteristics to that of former. 

Runoff varied in SWI class according to the land use, for e.g. maize and rice, falling in SWI-
III contributed 1149 and 1309 mm, respectively. Similarly the maize crop area in SWI-I accounted for 
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low runoff in comparison to the maize located in SWI-II/III. Thus SWAT-Him accounted soil wetness 
index (topography/soil transmissivity) and land use into consideration for modelling runoff, in other 
words the model took into account the degree of saturation along with effect of land use such as 
management practice, canopy cover and evapotranspiration, which affect the runoff potential. Fig 5:20 
depicts the runoff HRU map for the sub-watershed. 

 

 
Figure 5: 20 HRU runoff map for SWAT-Him model 

5.10. Soil erosion assessment  

Sediment yield was modelled similarly as to runoff. Model was run on yearly scale and 
sediment yield modelled from each HRU was anlysized, the distribution of the HRUs remained same.   
(i) SWAT model, showed rice (paddy fields) as the most contributing land use in soil erosion, 
followed by maize, forest and scrub land cover. The high sediment yield in rice may be attributed to 
the fallow period between month of May and June (rainfall-772mm) in which the rice fields were 
highly prone to soil erosion as lands were devoid of vegetation. Scrub lands were least affected due to 
the thick grass cover and its dense root density, which resulted with minimal soil loss. In the other sub-
watersheds of Sitla rao watershed, similar pattern was observed with high sediment yield from sub-
watersheds dominated by rice and maize. It was high in the agricultural areas of the upper/middle 
piedmont as these lands are undulating to moderately sloping and had high soil erodibility (K) values. 
Fig 5:21 shows spatial variations in annual sediment yield from different watersheds. 
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Figure 5: 21 Sediment yield map for Sitla rao for year 2008 

 
(ii) For SWAT-VSA and SWAT-Him, the results of the sediment yield were affected by the 

average soil properties taken for the two models, Inconsistency prevailed in the prediction of soil loss, 
for e.g. In SWAT-VSA the  SWI-IV (low runoff zone) predicted more soil loss than SWI-VI (high 
runoff zone). Results can be more effectively explained in context of SWAT-Him with SWI-II (low 
runoff) predicting more soil erosion than SWI-III (high runoff) in the same land use (rice). The 
erroneous results can be attributed to the failure of incorporating of the actual soil properties (practical 
limitation; which can be overcome by customization of the model).  

Logically high soil erosion areas are associated with high runoff (when soil properties do not 
vary in space); in that context results from SWAT-Him for sediment yield would have been better with 
incorporation of actual soil properties. e.g. defining same soil properties for rice land use (as was done 
in SWAT), then runoff would have been detrimental in deciding the soil loss. For e.g. , fig 5-22 
depicts the washed away field of rice near the stream, which falls in the HRU created by SWI-III and 
rice land use (HRU with highest runoff), thus validating hypothesis that high soil erosion is associated 
with runoff in area dominated by similar soil types. 

 

  
Figure 5: 22 showing rice field during and after the rain storm (washed away) 

5.11. Sensitivity analysis         

Sensitivity analysis determines the degree of effect that the model parameter has on the 
output and thus reducing the number of parameters for calibration. The analysis was carried out by 
changing the value of one parameter and keeping the others constant. Sensitivity of the parameters was 
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assessed in relation to the runoff and sediment yield. CN, AWC and USLE P were altered by value, 
whereas ESCO, USLE C, SLOPE (steepness), SLSUBBSN (slope length), BIOMIX were modified by 
percentage. SWAT-VSA and SWAT-Him were used for runoff sensitivity only, as the both models 
were not deemed fit for sediment yield. Table 5:6 depicts the sensitivity of the parameters to the runoff 
and sediment yield. 

Table 5: 6 Sensitivity of the model to various parameters for runoff and sediment yield 
SWAT SWAT-VSA SWAT-Him S.

no 
Parameter Change 

Runoff Sediment Runoff Sediment Runoff Sediment 
1 CN -4 -33.5 -31.76 -31.5 -31.08 -33 -31.4
2 CN +4 59 54.7 48.2 48.5 56 31.1
3 AWC -0.05 -8 -2.47 -6.5 -7.7 -3.3 1.7
4 AWC +0.05 -1.92 -5.65 -4.95 -2.4 -5.5 -6.6
5 ESCO -76 0 0.9 0 0 0 0
6 ESCO +76 0 0.9 0 0 0 0
7 USLE-C -25 1.15 -10.8 - - - -
8 USLE-C  +25 1.15 11.45 - - - -
9 USLE-P -5 -45.23 -98.1 - - - -
10 USLE-P +5 -45.23 81.1 - - - -
11 SLOPE -25 1.15 -36.25 - - - -
12 SLOPE +25 1.15 41.8 - - - -
13 SLSUBBS -25 19.9 2895 - - - -
14 SLSUBBS +25 19.9 2895 - - - -
15 BIOMIX -50 -45.23 -58.2 - - - -
16 BIOMIX +50 -45.23 0.9 - - - -

 
For runoff estimation CN was most sensitive for runoff calculation for all the three models, 

little change in the value, affected the runoff significantly. AWC was the second sensitive parameter, 
but the degree of sensitivity was much lower than CN. Positive and negative change in AWC value 
resulted into decrease in runoff, because of the complex relationship of the AWC with antecedent 
rainfall. As explained earlier, runoff was not sensitive to ESCO, because of the effect of humid 
climatic conditions in the area. 
 For sediment yield, USLE-P was considered to be most sensitive, the high degree of 
sensitivity can be attributed to area dominance of rice and maize in the study area, for which 
management practice (tillage) was having high influence, BIOMIX (biological mixing) was second 
most sensitive. BIOMIX is affected by shift in tillage practice (Neitsch et al., 2005), since biological 
mixing data was not available, and was kept default, so the sensitivity of the parameter was directly 
related to the USLE P. Thus in real sense it was not very important parameter for sensitivity analysis.       
 Slope steepness factor was having significant effect on the sediment yield due to range of 
elevation differences. USLE C, was other important parameter assessed for sensitivity analysis which 
represents the effect of vegetation and ground cover in reducing soil loss. Variation in C factor by 25% 
in negative and positive resulted into change of about 10% -, + of sediment yield, respectively. 
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6. Conclusion and Recommendations  

6.1. Conclusion 

Predicting the location of runoff source areas is of utmost importance for watershed 
management, location of runoff source areas vary according to type of runoff mechanism operating 
behind; thus characterization of area on basis of runoff mechanism helps in better understanding of the 
hydrological processes and consequently to identification of potential zones of runoff. The watershed 
experienced humid sub-tropical climate and well vegetated conditions in the monsoon season; on the 
basis of which saturation excess response to rainfall was identified as main runoff generation 
mechanism. Further comparison between infiltration capacities (8-72 mm/hr) and normal rainfall 
intensities (18.9 mm/hr) delimited the zones of infiltration excess response to rainfall, along with 
impermeable zones such as roads, residence and vegetation denuded (barren rocky) areas.  
 Soil Wetness Index (SWI), which represents the terrain based saturation level (soil moisture) 
of the surface, was incorporated into runoff modelling. Soil Wetness Index was compared with the 
observed soil moisture measurements in the study area; SWI was having positive correlation (0.44) 
with the soil moisture thus validating the use of SWI in the research. Although spatial variations in soil 
moisture were observed according to the land cover/use classes.      
 Three models namely SWAT, SWAT-VSA and SWAT-Him were tested for the study; since 
the basic conceptual methodology of the three models differed in terms of creating hydrological 
response unit (HRU) and distribution of curve number (CN); therefore all three models responded 
differently to runoff and soil erosion.  

SWAT created HRUs from the combination of land use/soil types and runoff was modelled on 
the basis of Curve Number (CN) defined for HRU. Conceptually the model implicitly assumed 
infiltration excess response to rainfall. The topographic effect and consequently the saturation excess 
mechanism was ignored in the modelling process. 

SWAT-VSA, which assumes saturation excess as primary runoff mechanism incorporates the 
SWI along with land use for defining of HRUs, but the model distributes the CN only according to the 
SWI, ignoring any land cover effect. Though the model took saturation to be dominant phenomenon, 
but exclusion of land cover resulted into output, which was not in conjunction with the observed 
hydrological processes in the area. The model estimated similar runoff for the rice and maize fields, 
but it was observed that the latter contributed much less than the former. Similarly the model ignored 
the effect of land cover for runoff in non-agricultural area. Thus there was need to incorporate spatial 
variability of land cover for runoff generation. This led to conceptualization of SWAT-HIM model in 
the present study.    

SWAT-Him took its basic concepts from the above mentioned models. The model 
incorporated land use in combination with SWI for runoff modelling. CN was defined for the land 
use/SWI combination contrary to SWAT-VSA where only SWI was used to define it. As the model 
took into account the SWI, it assumed saturation excess mechanism as primary and also included the 
effect of land cover/use in runoff modelling. The model was conceptually established in context with 
the soil moisture, which has significant control on runoff because increased soil moisture is 
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representative of saturation or less infiltration. From the analysis of soil moisture, the variations were 
observed in relation to the topography and land cover/use effect. So as the model took into account the 
both the aspects (topography and land/cover) it simulated the hydrological processes better than the 
other two models. Runoff pattern for specific land cover/use varied with the SWI class and for specific 
SWI class it varied according to the land cover/use type. Rice in the SWI-III was identified as the 
highest potential zone of runoff. In addition, because of the methodology adopted for SWAT-Him, 
implementation process of the model was easy than SWAT-VSA and at par with the SWAT (which is 
established one). 

In runoff calculation all the three models overestimated the runoff. The error for 
overestimation was within the limit of calibration for low to medium rainfall (daily); but for the high 
rainfall (daily), the error was too large. The reason was attributed to the model assuming normal (bell 
shaped) rainfall distribution contrary to the bi-modal distributions which were actually observed in 
case of high rainfall (daily). Though conceptually the runoff amount from the three models was to 
remain constant, SWAT-Him performed better than the two models both before and after optimization 
(calibration), which can be attributed to better simulation of hydrology for the watershed.   

For soil erosion estimation, SWAT-VSA and SWAT-Him gave erroneous results, which were 
attributed to the limitation of the model interface for entering specific soil data along with SWI rather 
than any conceptual limitation. SWAT model underestimated the sediment yield and all calibration 
parameters failed to increase the sediment yield. High observed sediment yield in the pipalsar sub-
watershed (used for calibration) was attributed to the road building process in the area. On the whole 
upper and middle piedmont areas dominated by rice and maize fields experienced high sediment loss. 
For paddy fields, fallow period (minimum vegetation cover) during monsoon season was major factor 
for accelerating soil erosion and in maize field, its slope gradient (3-5%) and high soil erodibility 
factor (K) that resulted into high sediment loss.  

All the three models were highly sensitive to CN for the runoff; minor change in the value of 
CN affected the runoff amount significantly. Available Water Content (AWC) was the second 
sensitive parameter, adjustment of the parameter resulted into better simulation of runoff. For sediment 
yield support practice factor was most sensitive because of the defining of the tillage practice for the 
crops in the watershed. Slope steepness and vegetation cover factor were the other important factor 
which affected the sediment yield. 

6.2. Limitations of the study          

Among the limitation of the research, the most significant was the inadequacy of the sediment 
yield data, as only six events for one year were used to calibrate the model, which was not sufficient. 
Secondly temporally disturbed sub-watershed due to road construction further made data un-reliable.    

Apart from this failure to incorporate specific soil data in SWAT-VSA and SWAT-Him which 
affected the performance of the models in context of sediment yield predictions. 

6.3. Recommendations for future research        

The study proposed new modelling concept in saturation excess dominant area through 
SWAT-Him model, but still there is scope for improvement of the model by development of separate 
interface for incorporation of the specific soil data for better simulation of sediment yield along with 
runoff.  

The model gave satisfactory results in the agricultural watershed of sub-Himalayan; this 
could pave the way for further testing of the model in areas experiencing similar conditions. Other 
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than this the concept can be applied in context of the dynamic spatial modelling, for better simulation 
of event based runoff processes. Further runoff data from field sized plots for dominant land cover/use 
type in the watershed may help to characterize and validate generation mechanism and also for better 
improvement to the model. 
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Appendices 

Appendix: 1 Soil moisture measurements 

1 
Geographical location Soil moisture for depth  

S.No 
 
Location Longitude Latitude 0-10 10-20 20-30 

 
Date 

1 on hill bottom (pipalsar) 779635 3374668 31.8 21.9 22.9 03-Jul
2 hill bot(2) 779644 3374705 28.1 24.5 21.1 03-Jul
3 hill mid(1) 779674 3374750 33.7 31 28.9 03-Jul
4 hill mid(2) 779683 3374751 31.3 30 27.1 03-Jul
5 hill mid(3) 779739 3374684 29.6 29.1 26.1 03-Jul
6 3rd point 779759 3374664 29.1 28.1 30.5 03-Jul
7 on hill bottom (Nahar) 782176 3371769 23.1 19.4 20.4 04-Jul
8 on hill middle 782202 3371669 24.1 21.3 20.8 04-Jul
9 on hill middle 782179 3371607 24.3 21.4 20.1 04-Jul

10 on hill top 782238 3371668 23.2 27.3 25.3 04-Jul
11 Maize Field 774363 3371869 22.3 21.1 21.5 03-Jul
12 Maize Field 771798 3369172 33.1 31.3 30 03-Jul
13 Miaze field 778258 3373003 31.1 29 30.4 05-Jul
14 Mango Orchard 777125 3369756 30.6 27.7 29.9 04-Jul
15 Mango Orchard 772994 3369189 29.1 27.5 25.5 05-Jul
16 orchard field ( Barwa) 777386 3371535 26.4 27.1 25.1 05-Jul
17 forest / slope 779485 3370466 33.9 31.4 30.5 04-Jul
18 forest/ Kotra (way) 779819 3370479 38.1 34.4 30.1 05-Jul
19 forest 774225 3368951 29.7 33.1 29.4 04-Jul
20 open/mixed / forest 777505 3371225 31 26.4 26.1 05-Jul
21 open/mixed / forest 778596 3371970 29 26.1 25.1 05-Jul
22 open/mixed/ forest  776401 3371921 37 31.1 30.9 05-Jul
23  terrace (barren) 778658 3370131 26.1 25.4 25.4 05-Jul

 
 
 

2 
Geographical location Soil moisture for depth 

S.No Location Longitude Latitude 0-10 10-20 20-30 Date 
1 on hill bottom (Langha) 779635 3374668 33.1 31.3 30.1 18_july 
2 hill bot(2) 779644 3374705 32.1 30.1 30.3 18_july 
3 hill mid(1) 779674 3374750 31.1 28.1 29.5 18_july 
4 hill mid(2) 779683 3374751 30.4 28.1 28.9 18_july 
5 hill mid(3) 779739 3374684 31.1 31.1 29.2 18_july 
6 3rd point 779759 3374664 30.1 29.1 28.1 18_july 
7 on hill bottom (Nahar) 782176 3371769 27.1 25.4 26.1 18_july 
8 on hill middle 782202 3371669 25.8 24.1 25.6 18_july 
9 on hill middle 782179 3371607 24.1 25.1 26.1 18_july 
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10 on hill top 782238 3371668 28.1 28.4 26.1 18_july 
11 Maize Field 774363 3371869 30.1 29.1 29.1 19_july 
12 Maize Field 771798 3369172 34.1 33.4 32.4 19_july 
13 Miaze field 778258 3373003 32.1 31.1 31.4 19_july 
14 Mango Orchard 777125 3369756 32.1 31.1 29.8 19_july 
15 Mango Orchard 772994 3369189 31.1 31.2 30.4 19_july 
16 orchard field ( Barwa) 777386 3371535 29.6 30.4 29.4 19_july 
17 forest / slope 779485 3370466 33.8 34.5 32.1 19_july 
18 forest/ Kotra (way) 779819 3370479 38.2 35.2 30.4 19_july 
19 forest 774225 3368951 30.4 34.2 30.1 19_july 
20 open/mixed / forest 777505 3371225 32.1 30.8 29.3 19_july 
21 open/mixed / forest 778596 3371970 30.2 30.1 29.1 19_july 
22 open/mixed/ forest  776401 3371921 36.4 34.5 33.1 19_july 
23  terrace (barren) 778658 3370131 27.4 30.4 29.4 19_july 

 
 

3 
Geographical 
location Soil moisture for depth 

S.No Location Longitude Latitude 0-10cm 10/20cm 20/30cm Date 
1 on hill bottom (Langha) 779635 3374668 34.1 35.1 33.1 12_aug 
2 hill bot(2) 779644 3374705 33.1 32.1 32.3 12_aug 
3 hill mid(1) 779674 3374750 30.7 30.6 29.9 12_aug 
4 hill mid(2) 779683 3374751 31.2 29 29.1 12_aug 
5 hill mid(3) 779739 3374684 31.9 31.7 30.1 12_aug 
6 3rd point 779759 3374664 30.7 30.1 29.9 12_aug 
7 on hill bottom (Nahar) 782176 3371769 29.1 28.4 28.6 12_aug 
8 on hill middle 782202 3371669 27.1 26.9 27 12_aug 
9 on hill middle 782179 3371607 26.2 26.4 26.9 12_aug 

10 on hill top 782238 3371668 30.1 29.7 28.3 12_aug 
11 Maize Field 774363 3371869 32.1 30.1 31.1 12_aug 
12 Maize Field 771798 3369172 34.1 32.6 33 12_aug 
13 Miaze field 778258 3373003 33.1 30.4 31.4 13_aug 
14 Mango Orchard 777125 3369756 33.6 34.2 32.1 12_aug 
15 Mango Orchard 772994 3369189 32.3 31.2 30.2 12_aug 
16 orchard field ( Barwa) 777386 3371535 28.1 29.1 28.1 13_aug 
17 forest / slope 779485 3370466 36 35.4 34.1 12_aug 
18 forest/ Kotra (way) 779819 3370479 37.1 35.6 33.4 13_aug 
19 forest 774225 3368951 33.1 37.1 33.4 12_aug 
20 open/mixed / forest 777505 3371225 33.5 29.7 29.3 13_aug 
21 open/mixed / forest 778596 3371970 32.5 30.4 30.8 13_aug 
22 open/mixed/ forest  776401 3371921 36.5 35.9 34.8 13_aug 
23  terrace (barren) 778658 3370131 29.1 29.2 28.4 13_aug 
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4 
Geographical location Soil moisture for depth 

S.No Location Longitude Latitude 0-10cm 10/20cm 20/30cm Date 
1 on hill bottom (Langha) 779635 3374668 32.1 30.1 29.1 5_sept 
2 hill bot(2) 779644 3374705 31.1 30.9 29.7 5_sept 
3 hill mid(1) 779674 3374750 29.1 29.6 29.1 5_sept 
4 hill mid(2) 779683 3374751 30.1 27.1 30.1 5_sept 
5 hill mid(3) 779739 3374684 30.1 29.1 29.4 5_sept 
6 3rd point 779759 3374664 29.4 29.5 28.7 5_sept 
7 on hill bottom (Nahar) 782176 3371769 30.1 29.9 29.1 5_sept 
8 on hill middle 782202 3371669 26.1 25.4 25.7 5_sept 
9 on hill middle 782179 3371607 25.9 25.1 25.7 5_sept 

10 on hill top 782238 3371668 28.4 28.5 27.9 5_sept 
11 Maize Field 774363 3371869 *    
12 Maize Field 771798 3369172 31.2 30.4 30.1 6_sept 
13 Miaze field 778258 3373003 32.1 30.5 30.4 6_sept 
14 Mango Orchard 777125 3369756 *    
15 Mango Orchard 772994 3369189 32.1 30.1 29.3 6_sept 
16 orchard field ( Barwa) 777386 3371535 *    
17 forest / slope 779485 3370466 *    
18 forest/ Kotra (way) 779819 3370479 *    
19 forest 774225 3368951 *    
20 open/mixed / forest 777505 3371225 32.4 30.5 30.3 6_sept 
21 open/mixed / forest 778596 3371970 33.1 30.3 27.5 6_sept 
22 open/mixed/ forest  776401 3371921 35.4 35.5 33.6 6_sept 
23  terrace (barren) 778658 3370131     

 
* Data could not be collected due to rainfall on the respective date.  

Appendix: 2 Estimation of sediment yield 

 

Event Date Time 

Dried filter 
weight 
(mg) (A) 

Dried 
(Sediment+filter) 
weight (mg) (B) 

Total 
sediment(mg) 
A-B 

Volume 
water(ml
) 

Sediment 
mg/litre 

1 Jul-16 8.30 123.16 3201.12 3077.96 1000 3077.96
 Jul-16 8.40 122.67 3304.45 3181.78 1020 3119.39

2 Jul-25 18.15 119.98 352 232.02 930 249.484
3 Jul-27 11.50 125.46 138.58 13.12 850 15.4353
4 Jul-29 10.00 123.7 1009.95 886.25 940 942.819

 Jul-29 10.50 125.35 774.22 648.87 715 907.51
5 Aug-05 16.00 122.38 239.22 116.84 1910 61.1728
6 Aug-12 16.00 119.1 2886 2766.9 990 2794.85

LV Aug-12 16.30 121.1 3301.91 3168.81 980 3245.48
SM Aug-12 17.00 123.1 5903.77 5786.67 970 5965.45

7 Aug-13 15.45 122.14 241.75 119.61 620 192.919
8 Aug-30 17.30 125.64 427.38 301.74 960 314.313

 Aug-30 18.00 122.72 371.42 248.7 930 267.419
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9 Sep-03 18.00 125.6 820 694.4 1010 687.525
 Sep-03 18.30 118.1 900 781.9 1000 781.9

10 Sep-04 16.30 117.4 627 509.6 1000 509.6
11 Sep-20 14.00 123.7 3064.12733 2940.4273 920 3196.12

 Sep-20 14.30 120.95 3677.675 3556.725 900 3951.92
12 Sep-21 11.30 119.23 1809.1 1689.87 910 1857

 Sep-21 12.00 123.45 2100.3 1976.85 900 2196.5
 
All the sediment samples were taken from the runoff recorder site at pipalsar sub-basin (1) except;   
LV (2) and SM (3) , which are taken at the langha village and sitla river mouth respectively. These are 
plotted in the figure below: 

2795 ppm

3245 ppm5965 ppm

1
2

3

 

Appendix: 3 Land use database  

S.No Physiographic 
unit 

Crop 
type 

Sowing  
date 

Harvesting 
date 

Plant 
height 

Fertilizer/ 
Manure 
application 

Maize 25-may 10-sept 2 Manure 1 Side slope of 
Hill  Rice 1-july 15-oct 0.8 Manure 

Maize 1-june 15-sept 3 Manure 2 Upper piedmont 
Rice 1-july 10-oct 0.8 Manure 
Maize 1 june 10-sept 2.5 Manure / 

Fertilizer 
3 Middle 

Piedmont 
Rice 5 july 15-oct 0.8 Manure / 

Fertilizer 
Maize 5 june 10-sept 3 Fertilizer 4 Lower 

Piedmont  Rice 15 june 1-oct 1 Fertilizer 
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Appendix: 4 Soil types found in the area and their properties 

Soil/ 
type 

Physiographic  
(land cover/use   

Soil 
layer 

H
S
G

Dept
h 
mm BD 

AWC 
mm/
mm 

Ksat 
mm/hr 

OC 
% Clay Silt Sand RF% K 

OM 
% TC 

1 C 110 1.15 0.14 54.00 1.23 10.6 46 43.4 7.5 0.55 2.4 L 
2  200  0.12 54.00 1.06 10.6 36 53.4 7.5  2.1 SL 
3  320  0.11 53.34 0.91 6.6 34 59.4 62.5  1.8 SL 

H11 
 
 

Side slope of Hill 
(Agriculture rice) 
 4  400  0.09 54.36 0.91 8.6 22 69.4 62.5  1.8 SL 

1 B 100 1.11 0.14 72.00 2.44 13.2 34 52.8 17.5 0.55 4.8 SL 
2  280  0.14 55.25 2.21 11.2 38 50.8 27.5  4.3 L 
3  420  0.15 54.00 1.68 13.2 46 40.8 35  3.3 L 

H12 
 
 

Side slope of Hill 
(Agriculture maize) 
 4  550  0.15 54.00 1.52 11.2 46 42.8 75  3.0 L 

1 D 160 1.59 0.11 18.00 1.5 15.2 26 58.8 10 0.65 2.9 SL 
2  350  0.11 27.18 1.45 17.2 24 58.8 20  2.8 SL H21 

 

Side slope of Hill 
(Forest open) 
 3  550  0.08 25.40 0.07 15.2 18 66.8 40  0.1 SL 

1 C 180 1.49 0.10 18.00 1 11.2 28 60.8 15 0.65 1.9 SL 
2  400  0.09 46.48 0.65 11.2 20 68.8 25  1.2 SL 
3  500  0.06 40.35 0.07 18.2 16 65.8 35  0.1 SL 

H22 
 
 

Side slope of Hill 
(Forest/dense/mod) 
 4  600  0.10 31.75 0.76 13.2 26 60.8 40  1.5 SL 

1 D 60 1.6 0.10 18.00 0.65 11.8 30 58.2 25 0.5 1.2 SL 
2  180  0.10 30.73 0.9 13.8 24 62.2 40  1.7 SL H31 

 
Side slope of Hill 
(Scrub) 3  400  0.09 27.43 0.45 13.8 22 64.2 80  0.9 SL 

1 C 150 1.45 0.11 66.00 1.6 8.6 28 63.4 20 0.55 3.2 SL P111 
 

Upper/mid piedmont 
(Agriculture rice) 2  400  0.14 55.88 1.6 6.6 42 51.4 25  3.1 SL 

1 B 50 1.38 0.08 66.00 0.9 6.4 22.4 71.2 10 0.65 1.8 SL 
2  270  0.07 72.90 0.37 6.4 18.4 75.2 40  0.7 SL P112 

 

Upper/mid piedmont 
(Agriculture maize) 
 3  400  0.08 60.96 0.9 8.4 20.4 71.2 50  1.9 SL 

1 B 160 1.46 0.12 8.20 0.75 14.6 44 41.4 12.5 0.55 1.4 L 
2  370  0.14 19.05 0.76 14.6 42 43.4 15  1.5 L 

 
P212 
 

 
Lower piedmont 
(Agriculture) 3  580  0.13 18.29 0.61 14.6 40 45.4 25  1.2 L 
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4  790  0.14 11.68 0.61 18.6 42 39.4 40  1.2 L   
5  900  0.13 10.16 0.53 20.6 38 41.4 45  1.1 L 
1 C 50 1.35 0.09 62.00 1.22 8.6 26 65.4 10 0.32 2.4 SL 
2  220  0.10 41.66 1.22 12.4 22.4 65.2 15  2.4 SL P221 

 

Upper/mid piedmont 
(Forest open) 
 3  500  0.10 18.80 0.65 18.4 22.4 59.2 17.5  1.3 SL 

1 C 110 1.54 0.13 22.00 1 10.6 42 47.4 5 0.32 1.9 L 
2  240  0.11 18.80 0.68 16.6 30 53.4 12.5  1.3 SL 
3  410  0.10 8.38 0.37 24.6 20 55.4 17.5  0.7 SCL 

P222 
 
 

Upper/mid piedmont 
(Forest dense/mod) 
 4  600  0.09 10.41 0.22 22.6 18 59.4 65  0.4 SCL 

BD: bulk density; OC: organic carbon; RF: rock fragments; K: soil erodibility factor; OM: organic matter; TC: texture class (L-loam; SL-sandy loam; 
SCL-sandy clay loam) 

Appendix: 5 Soil properties for sampling points for infiltration rate and ksat 

S.No 
Observe. 
points Landuse Latitude Longitude 

Soil 
depth Elevation 

SM 
(%) 

Ksat 
(mm/hr) 

BD 
gm/cm3 

OC 
% 

Sand 
% 

Clay 
% 

Silt 
% 

1 1a Middle piedmont (forest) 3370251 773622 50 601 29.1 20 1.66 0.88 41.6 12.4 46 
2 1b      20 20  0.88 47.6 12.4 40 
3 2a Middle piedmont (agriculture) 3372052 775339 40 640 22 60 1.28 1.68 47.6 4.4 48 
4 2b      16 60 1.34 0.40 43.6 12.4 44 
5 3a Middle piedmont (agriculture) 3372831 776895 60 709 21.1 120 1.32 2.48 41.6 10.4 48 
6 3b      15.4 120 1.23 4.89 45.6 22.4 32 
7 4a Middle piedmont (forest) 3370855 774459 50 647 22.2 24 1.57 0.80 37.6 10.6 52 
8 4b      20.1 24  0.96 63.6 6.4 30 
9 5a Upper piedmont (agriculture) 3372824 779031 45 881 20.1 24 1.21 1.52 35.6 20.4 44 

10 5b      22.2 24 1.36 1.60 39.6 18.4 42 
11 6a Upper piedmont (agriculture) 3372862 779297 45 881 16.6 54 1.34 2.40 53.6 14.4 32 
12 6b      18.4 54  1.92 47.6 16.4 36 
13 7a Side slope of hills (forest) 3374626 779902 40 976 22.1 20 1.46 1.11 45.6 18.4 36 
14 7b      15.2 20 1.58 0.76 45.6 20.4 34 
15 8a Side slope of hills (agriculture) 3375044 780039 45 1020 13.4 54 1.11 3.04 57.6 14.4 28 
16 8b      15.6 54  2.80 59.6 16.4 24 
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17 9a Lower piedmont (agriculture) 3369551 768304 100 485 9 6 1.47 0.64 57.6 10.4 32 
18 9b      13.1 6 1.64 0.40 47.6 16.4 36 
19 10a Lower piedmont (agriculture) 3368510 768868 100 501 15.6 8 1.59 0.64 37.6 14.4 48 
20 10b      20.1 8 1.68 0.56 37.6 14.4 48 
21 11a Lower piedmont (agriculture) 3368740 768563 120 494 20.5 12 1.74 0.48 43.6 12.4 44 
22 11b      22.9 12 1.61 0.32 43.6 18.4 38 
23 12a Side slope of hills (agriculture) 3374353 779390 70 893 17.8 84 1.21 3.13 55.6 22.4 22 
24 12b      16.3 84 1.01 1.36 47.6 18.4 34 
25 13 Middle piedmont (agriculture) 3373097 776707 90 705 17.7 42  1.92 57.6 14.4 28 
26 14 Upper piedmont (forest) 3372052 779112 35 723 20.1 52 1.34 2.24 53.6 18.4 28 
27 15 Upper piedmont (forest) 3371852 778271 35 713 20.1 72 1.23 1.76 63.6 8.4 28 
28 16 Side slope of hills (agriculture) 3373404 782227 60 1176 15.4 78  2.64 47.6 16.4 36 

a : surface; b : subsurface ; SM: soil moisture ; BD: bulk density; OC : organic carbon 

Appendix: 6 Infiltration rate for the 16 observed points 
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Appendix: 7 Model output for SWAT (yearly) 

 
* 40 is the Pipalsar sub-basin. 
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Appendix: 8 Model output for SWAT-VSA (yearly) 
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Appendix: 9 Model output for SWAT-HIM (yearly) 
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