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Introduction 
 

Soil erosion is a serious problem in 

Himalayas and foothill ecosystem. Eighty 

percent of the sediment material delivered to 

the  world’s  oceans   each  year   comes  from  

 

 

 

 

 

 

 

 

 

 

 
 

Asian rivers, and amongst these, Himalayan 

rivers are the major contributors (Stoddart, 

1969). The Himalayan and Tibetan regions 

cover only about 5% of the earth’s land 
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Soil erosion strongly affects crop yield, undermines the long term productivity of farm 

land and sustainability of farming system, and poses a major threat to the livelihood of the 

farmers and rural communities. The United Nations Environmental Program reported that 

the productivity of soil has reduced and resulting in economically unfeasible cultivation on 

about 20 million hectare of land each year due to soil erosion and resulting degradation of 

land. The eroded soil is also a major cause of loss of storage capacity (1 to 2% annual 

reduction globally) of multipurpose reservoirs due to sedimentation which affects society 

at large.  In developing countries like India, limited data availability constrains the 

application of the sophisticated models in proper planning of erosion control measures. In 

the present study, a simple spatially distributed model has been formulated in GIS 

environment for mapping areas vulnerable to soil erosion and deposition in a Himalayan 

watershed from India. The model discretizes the spatial domain of catchment into 

homogenous grids/cells to capture the catchment heterogeneity and derived net erosion and 

deposition maps by considering gross soil erosion and transport capacity of each cell. 

Spatial distribution capability of the model has been checked at outlet as well as three 

upstream gauging sites using eight years historical sediment yield data. The model 

estimated the seasonal sediment yield with less than ±30% errors. Finally, entire watershed 

has been classified into six different severity scales of erosion i.e. slight, moderate, high, 

very high, severe and very sever. Such maps have immense significance to prioritize area 

specific watershed conservation and management measures. 
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surface but supply about 25% of the dissolved 

load to the world ocean (Raymo and 

Ruddiman, 1992). Although, Himalayan 

region is hydrologically very important as it is 

the origin of three world’s major river system 

viz. the Indus, the Ganges, and the 

Brahmaputra but very few studies have been 

reported on rainfall, runoff and its  induced 

sediment yield processes in this region. In 

Himalayan or mountainous regions, the data 

whether on economic, social, or 

environmental are usually incomplete, when 

they exist at all.  Therefore, lack of scientific 

knowledge about this planet’s most complex 

landscape is main hurdle to plan the 

developmental agenda for this region.  

 

Soil erosion involves the processes of 

detachment, transportation, and accumulation 

of soil from land surface due to either impact 

of raindrop, and shearing force of flowing 

water. Based on the processes considered, as 

well as the complexity, accuracy, scale (space 

and time), and ultimately data requirement, a 

wide range of models from simple empirical 

to complex physically based have been 

developed to model the soil erosion and 

subsequent sediment yield (Merritt et al., 

2003; Aksoy and Kavvas, 2005). Simple and 

popular empirical models such as USLE and 

its derivatives perform very well at the plot 

scale (Risse et al., 1993; Angima et al., 2003). 

However, their use at catchment scale could 

be challenging. Therefore various physically 

based models such as Water Erosion 

Prediction Project (WEPP) (Nearing et al., 

1989), Areal Non-point Source Watershed 

Environment Response Simulation 

(ANSWERS) (Beasley et al., 1980), 

Agricultural Nonpoint Source Pollution 

Model (AGNPS) (Young et al., 1989), Soil 

and Water Assessment Tool (SWAT) (Arnold 

et al., 1993), and many others have been 

developed and these have proved very useful 

as research tools. However, the use of 

physically based models is mostly limited to 

research due to their complexity and non-

availability of data required for field use. For 

example, WEPP model requires as many as 

50 input parameters, which can cause the 

problem of equifinality (condition in which 

different combination of model parameters 

lead to similar output) (Brazier et al., 2000). 

Therefore, empirical models are most 

commonly used in field applications. 

However, these are based on inductive logic 

and generally applicable only to those 

conditions for which the parameters have 

been calibrated. Moreover, there is not a 

single model valid for all applications.  

 

Sediment outflow from a watershed depends 

on several parameters which are responsible 

for the soil detachment and the transport 

capacity of the path followed by the eroded 

soil to reach the outlet. However, lack of 

detailed data with respect to these parameters 

at river catchment scale is a major constraint 

in estimation of sediment yield at catchment 

scale (Van Rompaey et al., 2001). Therefore, 

a simple empirical lumped sediment delivery 

ratio (SDR) approach is used to link the soil 

erosion within a watershed to the sediment 

yield at outlet (Ferro and Minacapilli, 1995). 

Since, SDR-based sediment yield estimation 

approach is an empirical lumped approach 

(Verstraeten and Poesen, 2001), it performs 

well only if the data of catchment belongs to 

inherent region. Applications of such 

empirical approach to other catchments are 

questionable and require rigorous calibration 

before extension. Also due to lumped nature 

of SDR approach, it is not helpful in 

prioritization of watershed 

management/treatment activities within a 

river basin/catchment. However, soil erosion 

and sediment yield exhibit large spatial 

variability due to heterogeneity involved in 

various parameters (catchment physical as 

well as climatic) responsible for theirs 

occurrence. The technique of Geographical 

Information System (GIS) is well suited for 
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quantification of heterogeneity (not only in 

space but also in time) in the topographic, 

cover type, and drainage features of a 

watershed by partitioning the watershed into 

small homogenous grids (Jain et al., 2005; 

Wu et al., 2005; Naik et al., 2009). 

Furthermore, accessibility of data even in 

remote areas like Himalayan catchment is the 

major advantage of GIS and remote sensing 

(RS) techniques. 

 

Keeping in view, limited data availability in 

Himalayan catchment and spatial variability 

and complexity involved in soil erosion and 

sediment production process, a simple 

spatially distributed model has been 

formulated in GIS environment. The model 

produces outputs showing spatial variability 

due to spatial discretization adopted and, 

therefore, helpful in mapping of sediment 

source and sink areas and prioritization of 

watershed management activities accordingly. 

However, model structure is kept simple so 

that the application of model can be easily 

extended in developing countries like India 

where availability of data in space and time is 

always a challenge.   

 

Model formulations 
 

The proposed model comprises of three major 

components (1) the assessment of seasonal 

gross soil erosion (GSE) for each grid/cell; (2) 

the assessment of seasonal local transport 

capacity (TC) for each grid/cell; and (3) 

transport limited accumulation algorithm for 

routing sediment from each of the discretized 

grid/cell to the outlet of the catchment by 

taking into account the local transport 

capacity of each cell.  

 

Estimation of gross soil erosion 
 

Universal Soil Loss Equation (USLE) has 

been found to produce realistic estimates of 

surface erosion over small size areas 

(Wischmeier and Smith, 1978; Jain and 

Kothyari, 2000; Jain and Goel, 2002; Lee, 

2004; Jain and Das, 2010). Although USLE is 

a lumped empirical model, this equation has 

been a part of several spatially distributed 

process-based models such as SWAT, 

AGNPS, CREAMS (Knisel, 1980), SEDNET 

(Prosser et al., 2001) and EPIC (Williams, 

1983). This is possible due to the 

discretization of heterogeneous catchment 

into small homogeneous grids/cells. In this 

paper USLE is used for estimation of GSE 

within a cell is expressed as: 

 

iiiii PCLSRKGSE                                       (1) 

 

Where, GSEi = gross amount of soil erosion 

in cell i (MT ha
−1

 year
−1

); R = rainfall 

erosivity factor (MJ mm ha
−1

 h
−1

 year
−1

); Ki = 

soil erodibility factor in cell i (MT ha h ha
−1

 

MJ
−1

 mm
−1

); LSi = slope steepness and length 

factor for cell i (dimensionless); Ci = cover 

management factor (dimensionless) and Pi = 

supporting practice factor for cell i 

(dimensionless). 

 

Assessment of seasonal sediment transport 

capacity  

 

Sediment transport capacity expresses the 

erosive power of overland flow or channel 

flow which is responsible for the movement 

of eroded soil. In fact, the process of soil 

erosion and deposition is governed by the 

sediment transport capacity of overland flow 

and subsequent channel flow. Therefore, 

sediment transport capacity equation is an 

essential part of all physically based sediment 

yield computation models. Several simple to 

complex equations have been developed for 

estimation of transport capacity of different 

grid/cell within the catchment. One of the 

most commonly used transport capacity 

equation as given by Van Rompaey et al., 

(2001) is as follows:  

 

 IRTC aS-LSRKKTC                               (2) 
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Where, TC is the transport capacity (kg m
-2

 

year
-1

); KTC is the transport capacity 

coefficient and SIR is the inter-rill slope 

gradient factor. Van Rompaey et al., (2005) 

reported poor performance (R=0.25) while 

using this equation in mountainous part of an 

Italian catchment. Normally, the topography 

of hilly areas is such that flow converges at 

some locations, generally at the junction of 

the steep slope and valley floor (or toe of the 

slope). These locations are generally the end 

points of the steep slopes or where sudden 

flattening in the slopes is observed. As per 

equation 2 model estimates low values of 

transport capacity of theses points due to low 

values of slopes (S).  Hence, most of the 

eroded sediment will be deposited at theses 

points and model underestimates sediment 

outflow. However, in reality these are intense 

flow convergent points and hence attributed 

to high transport capacity. To overcome this 

problem Verstraeten (2007) suggested to 

incorporate an upslope contributing area 

factor in transport capacity equation.  After 

incorporating an upslope contributing area 

factor Equation 2 can be re-written as follows: 

 
γ

si

β

iiTCi ASRKKTC                                   (3) 

 

Where, Asi is the upslope contributing area for 

cell i which represents the actual flow 

accumulation value of any cell. Incorporation 

of upslope contributing area factor in 

transport capacity equation (Equation 3), 

transport capacity of intense flow convergent 

areas will be increased significantly even 

sudden fallen in slope (S).  

 

Sediment routing using transport limited 

accumulation  

 

Eroded sediment from each cell follows a 

definite path defined by direction of flowing 

water. The amount of sediment outflow from 

one cell to its downstream cell depends on 

local sediment transport capacity (TC) for a 

cell. If the local TC is smaller than the 

sediment flux, then sediment deposition is 

modeled. If TC is higher than the sediment 

flux, then sediment transport will be supply 

limited. Thus, by introducing the transport 

capacity, a more realistic representation of 

overland flow in sediment transport can be 

simulated. The model produces different 

maps of erosion, sediment transport, and 

sediment deposition rates. For cell-based 

discretization system, transport limited 

accumulation can be computed as: 

 

)TC,Tmin(GSET iiniout i
i

                 (4) 

 

ii outinii T-TGSED                          (5) 

 

where Tini =   sediment inflow from upstream 

cells, Touti= sediment outflow from the cell i. 

Di = deposition in cell i. 

 

Study area and data used 
 

The proposed model has been used to model 

the sediment yield from a hilly watershed 

named Naula with elevation ranging from 790 

m to 3088 m and geographically located 

between 29°44'N and 30°6'20''N latitudes and 

79°06'15''E and 79°31'15''E longitudes in the 

middle Himalayan region of Uttarakhand state 

of India (Figure 1). Naula watershed is a 

hydrologically important sub-watershed of 

Ramganga reservoir catchment (3134 square 

km area). Ramganga reservoir, a multipurpose 

project (127 meter heigh earth and rockfill 

dam) of Government of India built in year 

1974, produces approximately 452 MW of 

electricity and also facilitates irrigation on an 

area of about 5120 square km during non-

monsoon period. Naula watershed covers 

most of the hilly portion of Ramganga 

catchment (1084 square km drainage area) 

and is the largest sediment contributor to the 

reservoir. The topography of the watershed is 

undulating and irregular with slope varying 

from moderate to steep. Daily rainfall data of 
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ten raingauge stations located inside/outside 

of Naula watershed were collected from the 

Divisional Forest Office (Soil Conservation) 

Ranikhet, Government of Uttarakhand and 

used to calculate the weighted rainfall of 

Naula watershed. There are four sediment 

monitoring sites in the Naula watershed. 

Three sediment units i.e., Mehalchauri (166 

square km), Chaukhutia (572 square km) and 

Naula (1084 square km) are located on the 

main Ramganga stream.  

 

However, Buda Kedar (295 square km) 

sediment unit is located on Bino river, a 

tributary of Ramganga river. Daily sediment 

data of four gauging stations, namely Naula, 

Buda Kedar, Chaukhutia and Mahalchauri 

were also collected from the same agency.  

 

Generation of input geo-database 
 

Extraction of drainage network and 

watershed from Digital Elevation Model 

(DEM) 

 

Conventionally DEM is prepared by 

digitization of the contour lines from 

toposheets of the study area. However, 

digitization of contour lines from toposheets 

is very painstaking and time consuming 

process, especially when the area of interest is 

large and hilly (not easy to access). It is better 

to use the Shuttle Radar Topographic Mission 

(SRTM) DEMs if cartographic data with scale 

above 1:25,000 is not available (Jarvis, 2004). 

Therefore, in this study, SRTM DEM data of 

3-arc second (90m X 90m) spatial resolution 

was downloaded from www.landcover. 

org/data/srtm/ and used.  

 

Watershed boundary, drainage pattern and 

slope/gradient map, have been extracted from 

the DEM with the help of DEM Hydro 

processing tools available in GIS (ArcGIS 

ver. 9.3). All these maps are required as input 

of the model at different stages.  

Rainfall erosivity (R) 

 

Rainfall erosivity or erosion index is one of 

the important parameters in estimation of 

soil loss from USLE. Ram Babu et al., 

(2004) found linear relationship when annual 

and seasonal erosion index values were 

plotted against annual and seasonal rainfall, 

respectively. On the basis of these linear 

relationships they plotted iso-erodent maps 

for different zones viz., northern, western, 

central, eastern, and southern India. In the 

present study, rainfall erosivity was 

calculated by the relationship developed by 

Ram Babu et al., (2004) for this particular 

zone of India and presented as:  

 

R = 71.9 + 0.361 P    (r = 0.91, for 293 ≤ P ≤ 3190)     (6) 

 

Where, P is the average seasonal rainfall in 

mm. In the present study, Equation 6 is used 

to compute seasonal values of R-factor by 

replacing P with observed seasonal rainfall of 

a particular year. 

 

Soil erodibility (K) 

 

Soil map of the watershed was prepared by 

digitization of soil maps available in survey 

report obtained from National Bureau of Soil 

and Landuse Planning (NBSS and LUP, 

2004) using ArcGIS


. The digitized polygon 

map of Naula watershed was then rasterized 

at 90 m grid cells by using vector to raster 

tool. Based on the soil characteristics such as 

texture, depth, erosion, surface, drainage, 

and slope (NBSS and LUP, 2004), total nine 

soil mapping units have been identified in 

the entire study area. Details such as fraction 

of sand, silt, clay and organic matter and 

other related parameters information for 

different mapping units are taken from NBSS 

and LUP (2004) for Naula watershed. K-

values for different soil categories were 

calculated according to the procedure given 

by Haan et al., (1994). 
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Length-Slope factor (LS) 

 

The combined length-slope (LS) factor in 

USLE is a measure of the sediment transport 

capacity of overland flow and it reflects the 

effect of topography on soil erosion. 

However, several methods (Wischmeier and 

Smith, 1978; Moore and Burch, 1986a, b; 

Moore and Wilson, 1992; Desmet and 

Govers, 1996) have been developed for 

estimation of LS factor but application of 

these to real landscapes as part of a GIS is a 

major problem. Among these, the one which 

is best suited for integration with the GIS is 

the theoretical relationship proposed by 

Moore and Burch (1986a, b) and Moore and 

Wilson (1992) based on unit stream power 

theory, given as: 

 
m

i

n

si
i

0.0896

sinθ

22.13

A
LS 
















                       (7) 

 

Where, Asi is the specific area at cell i  

defined as the upslope contributing area for 

overland grid (Aup) per unit width normal to 

flow direction; θi is the slope gradient in 

degrees for cell i.  

 

In the original equation of LS factor 

(Wischmeier and Smith, 1978), slope length 

(λ) is defined as the distance from the point of 

origin of overland flow to the point where 

either the slope gradient decreases sufficiently 

for deposition to begin or runoff water enters 

a well-defined channel. In the present study 

the slope length (λ) is replaced by the unit 

upslope contributed area at which formation 

of channel is started and taken equal to 

channel/stream initiation threshold value 

(ESRI, 1994; Jain and Kothyari, 2000). The 

main aim of the replacement of slope length 

by upslope contributing area is to incorporate 

the effect of converging and diverging terrain 

on soil erosion and hydrological aspect of the 

watershed (Moore and Wilson, 1992). The 

stream generation threshold or channel 

initiation threshold is a numerical value; 

pixels having flow accumulation value less 

than channel initiation threshold are termed as 

overland flow pixels and those having higher 

flow accumulation value than channel 

initiation threshold are termed as 

channel/stream pixels. The threshold has to be 

chosen in such a way that the total stream 

length generated using threshold and channel 

network seen in satellite data and survey of 

India (SOI) toposheets (digitized in vector 

form) are equivalent. Accordingly, a channel 

initiation threshold value of 0.486 square km
 

is adjudged appropriate to define channel 

cells for Naula watershed. 

 

Crop management factor (C) 

 

To assign the spatial values of crop 

management factor (C), land use map of the 

study area was prepared by classification of 

LANDSAT TM satellite image using 

unsupervised and supervised classification in 

ERDAS image processing software. To 

discriminate the vegetation from other surface 

cover types, the Tasselled Cap 

Transformations (TCT), Vegetation Index 

(VI), and Water Index (WI) were performed. 

Overall, six different classes viz., forest, 

agriculture, river bed, pasture, water and 

settlement are identified in the study area with 

the help of limited ground truth information, 

Google Earth image and SOI topographic 

maps. Table 1 represents different land use 

classes that exist in Naula and its 

subwatersheds. Based on the land cover 

categories, the attribute values for the C-

factor are assigned to individual cells from the 

tabulated values suggested by Wischmeier 

and Smith (1978), Singh et al., (1992), Haan 

et al., (1994).  

 

Management practice factor (P) 
 

Based on experimental investigations, values 

for P-factor have been tabulated for many 

management conditions (Haan et al., 1994). 
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The P-factor is taken equal to 0.7 for 

agricultural land as mostly contour cultivation 

is followed on agricultural land in the study 

area, and unity for other land use/land cover 

types. P-factor values are added in the 

attribute field of land use map. 

 

Model applications and discussion of 

results 

 

Generation of gross soil erosion maps 

 

The layers of topographic factor (LS), crop 

management factor C, soil erodibility factor 

K, and support practice factor P are overlaid 

using ArcGIS. For estimation of gross soil 

erosion in the watershed for different 

years/season, the composite map of KLSCP 

factor is multiplied by R-factor in raster 

calculator of ArcGIS. Figure 2 represents 

gross soil erosion map of Naula watershed for 

the year 1987 as illustration.  

 

Generation of transport capacity maps  

 

Transport capacity of overland flow was 

calculated for each season and each pixel 

using Equation (3) in ArcGIS. Goodness of fit 

criteria such as Model Efficiency (ME), (Nash 

and Sutcliffe, 1970) and Relative Root Mean 

Square Error (RRMSE) have been used to 

calibrate the value of KTC appearing in 

Equation (3) using five year observed and 

computed sediment outflow data (estimated 

from Equation 4). Model efficiency (ME) can 

be calculated as follows: 

 

 
 2meanobs

2

predobs

YY

YY
1ME




                           (8) 

 

Where, Yobs observed seasonal sediment 

(tons), Ypred is predicted seasonal sediment 

(tons), Ymean is mean of the observed sediment 

(tons). Value of ME ranges from -∞ to 1.  

Values close to 1 indicate better model fit. 

However the negative value of ME implies 

inefficiency of the model in prediction. 

Relative Root Mean Square Error is estimated 

by the following formula: 

 












n

1i

obs

n

1i

2

predobs

Y
n

1

)Y(Y
n

1

RRMSE            (9) 

 

Where, n is the number of data points. For 

wide range of KTC, value of ME (Equation 8) 

and RRMSE (Equation 9) have been 

calculated and shown in figure 3. It is evident 

from figure 3 that at KTC=3x10
-5

, ME is the 

highest (0.74) and RRMSE is at the lowest 

(0.29). Any change in the value of KTC 

(=3x10
-5

) leads to increase and decrease in 

RRMSE and ME, respectively. It is worth 

noting that final calibrated KTC value (=3x10
-

5
) in this case is close to KTC obtained by 

Verstraeten (2007) for good to moderate 

vegetation. Notably, about 46% area of the 

study watershed is covered by the forest.  

Transport capacity maps are generated using 

calibrated KTC value
 
for all years (1979-87). 

Transport capacity map for year 1987 is 

presented in figure 4 as illustration. It is 

evident from this figure that the ridges and 

the flattened area near the channel, 

generally cultivated (viz., south-west 

direction of Chaukhutia gauging site) are the 

areas possessing low transport capacity. 

However, transport capacity is high in 

channel areas and the steep head water areas.  

 

Sediment routing considering local 

transport capacity  

 

Gross soil erosion was estimated using raster 

calculator tool of ArcGIS, but the quantity of 

eroded soil delivered to the next cell will 

depend on the transport capacity of the cell. 

However, at present there is no ready to use 

tool available in GIS, which estimates the 
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quantity of sediment moved in the next cell 

by considering gross soil erosion and 

transport capacity of the cell. Therefore using 

the basic principal of overland flow routing 

(Equation 4) a programme was developed in 

Interactive Data Language (IDL).  

 

The developed tool/ programme estimates the 

sediment moved out from each pixel using 

flow direction, flow accumulation, gross soil 

erosion, and transport capacity maps. Tool 

compares the gross soil erosion (total soil 

ready to move out of a particular pixel) and 

transport capacity of the flow in that pixel, if 

transport capacity is equal or greater than 

gross soil erosion then entire eroded soil will 

be transported into the next pixel. 

 

The destination of this transported 

soil/sediment will be determined using flow 

direction map. However, if the transport 

capacity of any pixel is less than total soil 

ready to move out of particular pixel, the tool 

will assign the difference between transport 

capacity and the total soil ready to move out, 

as amount of sediment deposited in that pixel. 

Batch processing option is given in 

programme to process temporal data and to 

save time in repeated operations/processes.  

 

Using developed tool, sediment outflow maps 

for different years (1979-87) were produced. 

Such maps provide the amount of sediment 

outflow from the system at every cell and are 

useful for determination of sediment flowing 

out of the watershed at any location.  

 

Figure 5 depicts the sediment outflow map for 

the year 1987 as illustration. While cell values 

of Naula site from theses maps were read for 

validation period and compared with observed 

sediment data, a very low errors have been 

observed (26.1%, 9.0%, and 0.2% for 1985, 

86, and 87, respectively). Such low errors in 

estimation of sediment yield do support the 

efficacy of the model.  

Investigation of spatial distribution 

capability of model 

 

Comparison of sediment yield at outlet of the 

watershed is not sufficient for validation of a 

spatially distributed sediment model (Takken 

et al., 1999) due to highly complex behaviour 

of sediment. Therefore, to investigate the 

spatial distribution capability of the proposed 

model, the data of three upstream gauging 

sites (Mehalchauri, Buda Kedar, and 

Chaukhutia) are used to check the prediction 

capability of the proposed model. Sediment 

yield estimated by the developed model for all 

these subwatersheds/gauging sites can be read 

directly from the corresponding pixel value 

from sediment outflow map of Naula 

watershed. When sediment yields at these 

gauging sites were compared with the 

corresponding observed values for different 

years, it was found that in most cases, the 

model performed very well (74% data points 

within ± 30% error range, figure 6). However, 

large error during a particular year may be 

attributed to uncertainties in observations 

probably due to temporal variability involved 

in sediment yield. Furthermore, in the present 

study a single vegetation map is used for all 

years and for entire season, however 

vegetation has dynamic nature. Finally, 

considering all data points, the accuracy 

obtained is considered well and acceptable 

because even the more elaborate process-

based soil erosion models are found to 

produce results with still larger errors (ASCE, 

1975; Foster, 1982; Wu et al., 1993; Wicks 

and Bathurst, 1996). 

 

Generation of vulnerability maps of net 

erosion/deposition 

 

Using Equation 5, sediment deposition maps 

for various years were obtained. Net soil 

erosion/deposition maps of various years were 

produced by superimposing sediment 

deposition maps over gross erosion map of 
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corresponding years. Such maps are helpful in 

identifying areas vulnerable to soil erosion 

and sediment deposition in watershed area. 

Figure 7 depicts net soil erosion/sediment 

deposition map for year 1987 as illustration. 

As can be seen in figure 7, deposition of 

sediment resulted near the banks of some of 

the stream reaches where transport capacity 

was low. It is possible to identify the critical 

areas delivering most of the sediment to the 

river system. Notably, these areas are not 

necessarily the same as those producing most 

erosion, as most of the eroded sediment is 

deposited within the catchment, before 

reaching the river system. The net erosion 

estimated on a cell basis for the watershed is 

grouped into the following scales of severity 

of erosion: Slight (0 to 5 t ha
−1

 year
−1

), 

Moderate (5 to 10 t ha
−1

 year
−1

), High (10 to 

20 t ha
−1 

year
−1

), Very High (20 to 40 t ha
−1

 

year
−1

), Severe (40 to 80 t ha
−1

 year
−1

) and 

Very Severe (> 80 t ha
−1

 year
−1

) as per the 

guidelines suggested by Singh et al., (1992) 

for Indian conditions. The same is also 

depicted in table 2 and figure 7 for Naula and 

its subwatersheds. A significant area (6.4% of 

total watershed area) of the Naula watershed 

is under deposition (Table 2). As can be seen 

from figures 7, most of the deposition of 

sediment occurred in the sides of the drainage 

channels when they reach in valleys and also 

on flatter land areas found in the cultivated 

valley lands.  

 

 

 

Table.1 Land use pattern in Naula and its subwatersheds 

 

Landuse 
% of watershed area 

Naula Chaukhutia Buda Kedar Mehalchauri 

Forest 46.44 59.29 33.93 50.64 

Agriculture 23.07 14.65 33.53 20.64 

River bed 6.37 5.57 7.06 3.15 

Pasture 22.91 19.51 24.05 24.18 

Water 0.2 0.11 0.19 0.04 

Settlement 1.01 0.86 1.23 1.35 

 

 

Table.2 Area (%) under different soil erosion/deposition classes in Naula and its sub-watersheds 

 

Watershed 
Erosion/Deposition Classes 

Deposition Slight  Moderate  High  Very High  Severe  Very Severe  

Naula 6.4 84.7 3.0 1.8 1.4 1.3 1.5 

Buda Kedar 7.0 82.4 3.7 2.2 1.4 1.6 1.7 

Chaukhutia 5.4 86.2 2.8 1.7 1.3 1.1 1.6 

Mehalchauri 4.8 89.1 1.7 1.1 1.4 1.1 0.7 
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Figure.1 Location map of Naula watershed 
 

 
 

 

Figure.2 Gross soil erosion map of Naula watershed 
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Figure.3 Calibration of KTC for Naula watershed using seasonal rainfall-sediment yield data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.4 Transport capacity map of Naula watershed 
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Figure.5 Sediment outflow map of Naula watershed 

 

 
 

 

Figure.6 Comparison between observed and predicted values of sediment outflow at different 

gauging sites 
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Figure.7 Net erosion/deposition map of Naula watershed 

 

 
 

It was estimetd that  soil loss in 9.0% area of 

Naula watershed is above soil loss tolerence 

limit. Notable that soil tolerance limit is 

defined as the acceptable rate of soil erosion 

at which the quality of a soil as medium for 

plant growth can be maintained. Mandal and 

Sharda (2011) found soil tolerance limit 5 

ton/ha/year for this particular region. 

According to table 2 Buda Kedar watershed is 

most sensitive to erosion as well as 

deposition, and however, Mehalchauri is least 

sensitive for erosion/deposition. The region is 

clear that Buda kedar consists only 33.9% 

forest area, however, Mehalchuair comprises 

50.6% forest area. Beside this, a large part of 

Buda Kedar watershed is under agricuture.   

 

Worth notable that during tillage operations, 

land is exposed and loosened and become 

more suspectible for the erosion. The field 

verfication confirmed that erosion and 

associated sediment deposition had indeed 

occur in these areas. Such categorizations of 

net soil erosion as illustrated in figure 7 can 

be of immense significance in deciding the 

priority levels for implementation of the 

suitable measures (biological or engineering) 

for watershed treatment.  

 

Usefulness of the study and conclusions  

 

On-site erosion reduces the soil quality due to 

removal of nutrient rich top soil layer and also 

reduces the water holding capacity of many 

soils. Therefore, in developing countries like 

India, where rural population is more than 

65% and land is the identity of the people, 

assessment of erosion focuses mainly on the 

on-site effects of erosion. It is evident from 

the literature (Singh, 2006) that productivity 

can be increased by bringing the soil loss near 

or below the soil tolerance limit. Therefore, 

comparison between soil tolerance limit and 

prevailing soil loss can be the best criteria for 

deciding the priority areas as well as 

treatment activities within the watershed. In 
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the present study, the formulated model has 

potential to identify the areas where soil loss 

exceeding the permissible/tolerance limit (9% 

area of study watershed has been identified in 

the present study) and these are the areas 

where immediate soil conservation measures 

have to be implemented. In the nutshell, our 

target should to bring the soil loss within the 

soil loss tolerance limit which will certainly 

lead to sustainable agricultural production 

system.  

 

In the present era of industrialization, more 

attention is being paid to the society at large, 

viz., in flood prevention, water reservoir 

preservation, and water pollution control 

(Garen et al., 1999). However, it has been 

observed that sedimentation in the reservoirs 

have occurred at a much faster rate than 

anticipated. In view of the stupendous task of 

construction and the huge cost involved in 

hydro-power projects, ensuring longevity of 

the reservoir have become the cause of major 

concern to the planners and administrators. 

Nevertheless, sedimentation data from 

number of projects indicated that the actual 

sediment production rates (SPR) have been 

much more than the assumed rates. The 

erosion/deposition maps derived by the 

formulated model in the present study exhibit 

sediment rate at a particular cell in spatial 

domain, and the value at the outlet cell 

indicate the sediment outflow from the entire 

watershed. The sediment outflow at any point 

may be quite helpful in planning to design 

sediment production rate (SPR) for a hydro-

power project at that location. However, sites 

identified vulnerable to soil deposition from 

such maps could be avoided for planning sites 

for multipurpose projects where huge amount 

of storage of water is required. 
 

Whether the main concern of soil and water 

conservation planning is towards prevention 

of on-site or off-site effects of erosion, there 

was a growing need for tools that enable to 

define the spatial distribution of erosion 

within a catchment i.e to identify sources of 

sediment erosion. The formulated model 

involving only elementary processes 

responsible for soil erosion and subsequently 

sediment deposition is capable to capture the 

spatial patterns of soil erosion as well as 

lumped sediment load in the entire watershed 

up to a cell area (90m x 90m). Formulated 

model is more rational and pragmatic than the 

lumped Sediment Delivery Ratio (SDR) 

approach. Worth notable that GIS and remote 

sensing techniques are capable to access data 

in tough terrain and adverse climatic 

conditions, since, model requires input data in 

the form of different thematic GIS layers, 

model has potential to be applied for any 

watershed, in terms of size and location, 

throughout the globe. Moreover, the model 

may be a useful tool in sustainable 

environmental watershed management 

planning. 
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