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Erosion is a natural geomorphic process occurring
continually over the earth’s surface and it largely
depends on topography, vegetation, soil and climatic
variables and, therefore, exhibits pronounced spatial
variability due to catchment heterogeneity and climatic
variation. This problem can be circumvented by dis-
cretizing the catchment into approximately homoge-
neous sub-areas using Geographic Information System
(GIS). In this study, the remote sensing and GI S tech-
niques (through ERDAS Imagine 8.6 and ArcGIS 9.1
software) were used for derivation of spatial informa-
tion, catchment discretization, data processing, etc. for
the Himalayan Chaukhutia Watershed (India). Various
thematic layers for different factors of Universal Soil
Loss Equation (USLE) were generated and overlaid to
compute spatially distributed gross soil erosion maps
for the watershed using 18-year rainfall data. The
concept of transport limited accumulation was for mu-
lated and used in ArcGI S for generating the transport
capacity maps. Using these maps, the gross soil ero-
sion was routed to the catchment outlet using hydro-
logical drainage paths for the derivation of transport
capacity limited sediment outflow maps. These maps
depict the amount of sediment rate from a particular
grid in spatial domain and the pixel value of the outlet
grid indicates the sediment yield at the outlet of the
watershed. Upon testing, the proposed method simu-
lated the annual sediment yield with less than +40%
error.

Keywords: Geographic Information System, remote
sensing, sediment yield, soil erosion, transport capacity,
transport limited accumulation.

I ntroduction

SolL erosion by water is one of the most important land
degradation problems and a critical environmental hazard
of modern times worldwide'. Accelerated erosion due to
human-induced environmental alterations at a global
scale is causing extravagant increase of geomorphic process
activity and sediment fluxes in many parts of the world?.
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It has been estimated that about 113.3 mha of land is
subjected to soil erosion due to water and about
5334 m tonnes of soil is being detached annually due to
various reasons in India’. The process of soil erosion in-
volves detachment, transport and subsequent deposition®.
Sediment is detached from soil surface both by the rain-
drop impact and the shearing force of flowing water. The
detached sediment is transported downslope primarily
by flowing water, although there is a small amount of
downslope transport by raindrop splash also®. Once run-
off starts over the surface areas and in the streams, the
guantity and size of material transported depends on
transport capacity of runoff water. However, if transport
capacity is less than the amount of eroded soil material
available, then the amount of sediment exceeding the
transport capacity gets deposited*®. The amount of sedi-
ment load passing the outlet of a catchment is known as
the sediment yield. Urbanization, agriculture expansion
and deforestation predominantly change the land use due
to which soil erosion takes place.

A proper assessment of the erosion problem is greatly
dependent on its spatial, economic, environmental and
cultural context’. The information on sources of sediment
yield within a catchment can be used as perspective on
the rate of soil erosion occurring within that catchment®.
Not surprisingly, soil erosion and sediment delivery have
become important topics on the agenda of local and
national policy makers. This has led to an increasing
demand for watershed or regional-scale soil erosion models
to delineate target zones in which conservation measures
are likely to be the most effective. Despite the develop-
ment of a range of physically based soil erosion and
sediment transport equations, sediment yield predictions
at a watershed or regional scale are at present achieved
mainly through simple empirical models. Simple methods
such as universal soil loss equation (USLE)®, modified
universa soil loss equation (MUSLE)™ or revised uni-
versal soil loss equation (RUSLE)™, are frequently used
for the estimation of surface erosion and then sediment
yield in catchment areas®’?. They relate the sediment
delivery to catchment properties, including drainage area,
topography, climate, soil and vegetation characteristics.
The main reason why empirical regression equations
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are still widely used for soil erosion and sediment yield
predictions is their simplicity, which makes them appli-
cable even if only alimited amount of input data is avail-
able.

The magnitude of surface erosion and sediment yield is
found to vary spatially in a catchment due to the variation
in rainfall and catchment heterogeneity. Recent develop-
ments in Geographic Information System (GIS) tech-
niques have enhanced the capabilities to handle large
databases describing the heterogeneities in land surface
characteristics™. Remote sensing techniques can be used
to obtain spatial information in digital form on landuse
and soil type at regular grid intervals with repetitive cov-
erage’®. Together these tools of remote sensing and GIS
have provided the means of identifying the physical
factors that control the process of soil erosion and sedi-
ment outflow from catchments. The grid or cell approach
of catchment sub-division has been used extensively for
discretization of catchment into homogenous sub-areas™*>
Y The grid or cell approach is quite adaptive to the col-
lection of input data on a regular pattern with the use of
remote sensing and GIS, and it accounts for the variation
in topographic characteristics over a catchment in detail.
Therefore, the objective of this study is to use GIS for
descritization of the catchment into small grid-size areas,
for computation of such physical characteristics of these
areas as slope, land use and soil type which affect the
process of soil erosion and deposition in different sub-
areas of a catchment. Further, GISis used for partitioning
the catchment grids into overland and channel grids,
computation of soil erosion in individual grids, and
determination of catchment sediment yield by using the
concept of transport limiting sediment delivery.

M ethodology

Land use, soil, slope stegpness and management parame-
ters are the main factors governing soil erosion potential
at a particular location to the erosive power of rainfall.
These parameters vary in spatial domain in a catchment.
To capture the spatial heterogeneity, a grid-based proce-
dure for discretization of the catchment is adopted in the
present study. The USLE is adopted for the estimation of
gross erosion rates in the different grids (or cells) of a
catchment. The USLE is expressed as

SE; = RKLSCP, 1

where SE; is the gross amount of soil erosion (MT ha™);
R the rainfall erosivity factor (MJmm ha™ h™ year™); K
the soil erodibility factor (MT hahha™ MJ™* mm™); LS
the slope steepness and length factor (dimensionless); C
the cover management factor (dimensionless), and P the
supporting practice factor (dimensionless).

Maps for values of the USLE parameters, viz. R, K, LS,
C and P factors, can be integrated in ArcGIS using rater

214

calculator to form a composite map denoting gross soil
erosion. Estimation of gross soil erosion from grid-sized
area of the catchment requires estimates of the various
factors appearing in eq. (1). On the basis of correlation
between soil erosion and a number of rainfall parameters,
the R-factor is defined as the product of total storm
energy and maximum 30 min intensity divided by 100 for
numerical convenience, known as the Els, index'®°. On
an annual basis, R-factor is the sum of values of Elg, val-
ues of the storms in an individual year. Rainfall erosivity
estimation using rainfall data with long-time intervals
have been attempted by several workers for different
regions of the world®>®. Using the data for storms from
several rain gauge stations located in different zones,
linear relationships were established between average
annual rainfall and computed Elsy values for different
zones of India and iso-erodent maps were drawn for
annual and seasonal Els, values?®. The derived relation-
ship is given below

R=79 + 0.363Ry, )

where Ry is the average annual rainfall in mm. For the
present study, eqg. (2) is used to compute annual values of
R-factor by replacing Ry with actual observed annual
rainfall in ayear.

For estimation of the LS factor, theoretical relationship
based on unit stream power theory?”° has been adopted
as thisrelation is best suited for integration with the GIS.
The relation is given below

n . m
=] 54T
22.13| | 0.0896

where A is the specific area (= A/b), defined as the
upslope contributing area for overland grid (A) per unit
width normal to flow direction (b), £ the slope gradient in
degrees n=0.4 and m=1.3. For channel grid areas, the
value of A is considered to be equal to the value of the
threshold area corresponding to the channel initiation®.

A grid is considered to lie in the overland region if the
size of the area from which it receives the flow contri-
bution is smaller or equal to the specified threshold area
for initiation of a channel, while grids receiving flow
contribution from area of more than threshold value are
considered to form the channel grids®. The grids with no
flow accumulation lie on the catchment boundary. Differ-
ent values of channel initiation threshold would result in
stream networks with different total stream lengths and
consequently with different drainage densities™. For the
present study, the value of channel initiation threshold is
chosen such that total stream length generated using
threshold and observed total stream length in 1:50,000
scale topographic map (digitized in vector form) are
equivalent. The use of eg. (3) in the estimation of the LS
factor allows the introduction of the three-dimensional
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hydrological and topographic effect of converging and
diverging terrain on soil erosion®’. The values for the
factors K, C and P are computed for different grids on
overland and channel region using the information about
landuse, soil texture and management practices adopted
in catchment®. Maps for values of the USLE parameters,
viz. K, LS, C and P factors were integrated in ArcGIS
using rater calculator to form composite map of terms
KLSCP. The gross erosion estimated using eq. (1) is
routed from each cell to the catchment outlet using the
concept of transport limiting sediment delivery described
below.

Sediment transport and outflow

The eroded sediment from each grid follows a defined
drainage path for a particular cell to the catchment outlet
as shown in Figure 1. The sediment outflow from acell is
equal to soil erosion in the cell plus the contribution from
upstream cells if transport capacity is greater than this
sum. However, if transport capacity is less than the sum
of soil erosion in the cell and contribution from upstream
cells, the amount of sediment exceeding the transport
capacity gets deposited in the cell and sediment load
equal to transport capacity is discharged to next down-
stream cell®. In the present study, mean annual sediment
transport capacity is computed using a relationship based
on catchment physical parameters such as soil erodibility,
upslope contributing area and slope gradient® as given
below

TC, = KycRK A™S, (4)
where TC; is the transport capacity (kg/m?/yr) of cell i,

K¢ the transport capacity coefficient and reflects vege-
tation component within the transport capacity, A the

' Outlet

Schematic showing discretized grid cellsin a catchment.

Figure 1.
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upslope contributing area per unit of contour length for
cell i and S the slope gradient of cell i.

Sediment is routed along the runoff paths towards the
river taking into account the local transport capacity, TC;
of each pixel. If the local TC is smaller than the sediment
flux, then sediment deposition occurs. This approach
assumes that sediment transport is not necessarily restricted
to a transport limited system. If TC is higher than the
sediment flux, then sediment transport will be supply
limited. For the grid-based discretization system
adopted herein, transport limited accumulation can be
computed as

Tow, =MIN(SE; + )T, TC), (5)

D =S5 +zTini _Touti' (6)

where SE; is the annual gross soil erosion in cell i, TC; the
transport capacity of cell i, T, the sediment inflow in
cell i from upstream cells, T, the sediment outflow
from the cell i, and D; the deposition in cell i.

Use of egs (1) and (4)—(6) produces different maps of
erosion, sediment transport and sediment deposition rates,
whereby a distinction is made between gross erosion, net
erosion, total sediment deposition and net sediment depo-
sition. Conseguently, different total values of erosion and
soil loss can be defined. Such maps are of immense use
for the identification of critical soil erosion and deposi-
tion areas in the catchment.

Study area

The Chaukhutia Watershed located in Almora and
Chamoli districts of Uttarakhand, India was selected for
the present study (Figure 2). The watershed (29°46'35"—
30°06'11”N; 79°11'23"-79°31'21"E) consists of steep hills
and valleys interspersed with thick vegetation and drains
an area of 572 sg. km (Figure 2). The elevation within
this watershed varies between 3099 and 939 m above
mean sea level. The slope of general terrain varies from
steep to very steep. The watershed under study is domina-
ted by dense mixed forest mainly Pine (Pinus roxburghii)
and broad-leaved Banj (Quercus leuchotrichophora)
forest species. Most of the forest areas in the watershed
are categorized under reserve forest and cover about 49%
of the total area of this watershed. The drainage condition
of the catchment is naturally excessively drained. The
channel bed in the watershed is rocky or gravelly.
Geological formations in the watershed mainly consist
of crystalline and sedimentary rocks of calcareous zone.
Crystalline rocks occur as vast sequence of low to medium
grade metamorphic associated with coarse to medium
grained granites. A thin zone of porphyritic rocks exposed
along the Almora fault is known as Chaukhutia Quartz
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Figure 2.

Porphyry. These rocks are highly crushed and fine-
grained with porphyro-blasts of quartz and feldspar, and
also show development of schistose structure. Sedimentary
rocks of Calc zone is found north of Dwarahat around
Dhunagiri hill and Ramganga valley near Mehalchauri.
Soils in Chaukhutia Watershed vary in texture, depth and
slope. The whole catchment of Chaukhutia has been divided
into seven soil units*. Soils remained more or less fine or
course loam skeletal with varied level of gravel. The
depth of top soil varies from very shallow to deep soil at
different parts of the catchment. The erosion potential of
topsoil varies slight to moderate to severe. The soils get
saturated even during low intensity rain. Climatologi-
cally, the Chaukhutia Watershed lies in sub-Himalayan
zone of the Western Himalaya. The variation in atitude
influences the climate of the watershed from sub-tropical
in the lower region to sub-temperate and temperate in the
upper region with a mean annual temperature of 24.5°C.

A significant portion of the total precipitation in the
form of rainfall in the watershed occurs mainly during
four months of the monsoon, i.e. from June to September
with a mean annual precipitation of 1388.7 mm. The
monsoon contributes about 74% of the total annual rain-
fall. The entire hydro-meteorological characteristics of
the watershed are characterized by the high precipitation
generating peak monsoon flows and low precipitation
during the dry season resulting in low flows. The hydro-
meteorological data for the watershed are observed by
Ramganga Dam Division, Kalagarh (Pauri Garhwal)
under the Department of Irrigation, Government of Uttar
Pradesh. Stream gauging station for measuring runoff and
sediment outflow from Ramganga River at Chaukhutia
site. Daily sediment data from January 1973 to December
1990 was collected from irrigation department, site office
Kalagarh. The daily sediment yield data was aggregated
to annual series and used in the present investigation.
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Index map of the study area.

Analysis and discussion of results
Generation of input GIS database

The base map of the study area was prepared using the
Survey of India topographic maps at 1: 50,000 scale. For
digital elevation model (DEM), the contours were digi-
tized and interpolated at 50 m pixel resolution using ‘topo
to raster’ command in ArcGIS to create hydrologically
correct DEM. The generated DEM was further recondi-
tioned using ‘fill sink’ command to create depressionless
DEM to maintain the continuity of flow to catchment out-
let. Location of the outlet of the catchment was marked
on DEM and catchment area was delineated using eight
direction pour-point algorithm®. Figure 3 shows the DEM
and delineated catchment boundary. The DEM is then
further analysed to distinguish overland and channel
grids. The concept of channel initiation threshold is used
for defining cells as channel cells.

The landuse map of the study area was prepared by
classification of satellite data of Landsat TM which
was geo-coded™ at 30 m pixel resolutions by using the
Imagine image processing software®. The geo-coded
scene was then masked by the catchment boundary deri-
ved earlier while delineating the catchment. Landcover
map was then generated using the supervised classifica-
tion scheme with limited ground truthing. Entire area of
study catchment is classified into six landcover catego-
ries. The attribute values for C-factor were assigned to
individual grids (Table 1) of Chaukhutia catchment from
the tabulated values’. The P-factor of 0.7 was considered
for agricultural lands as many of them follow contour
cultivation and unity for other landuse categories.

Soil map of the watershed was digitized from soil sur-
vey report prepared by the National Bureau of Soil and
Landuse Planning®. Details such as fraction of sand, silt,
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clay, organic matter and other related parameters infor-
mation for different mapping units were taken from the
same report for Chaukhutia catchment. These soil data
were used to derive the soil erodibility (K) factor for each
mapped soil categories’. The values of K factor are pre-
sented in Table 2.

Use of eq. (1) produces the estimate of gross soil erosion
in each of the discretized grids of the catchment. Gross
amount of soil erosion for each grid area during a year
can be generated by multiplying the term KLSCP with the
R-factor for the corresponding year. The eroded sediment
is routed from each grid to the catchment outlet using the
concept of transport limiting sediment delivery and depo-
sition described as below.

Generation of the erosion potential map

The erosion potential map of Chaukhutia was developed
by overlaying factor maps for K, LS, C and P. Numerical
value of KLSCP term in such maps represents soil erosion
potential of different grid cells. Figure 4 shows the areas
of varying KLSCP values and hence the soil erosion
potential in the different cells of the catchment of Chauk-
hutia. Overlay of Figure 4 on slope and landuse map
reveals that a higher cell value coincides with steep
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Figure3. DEM and delineated catchment boundary.

Table 1. Landuse statistics and values of cover management (C)
factor of Chaukhutia catchment

slopes and cells with sparse vegetation. High values of
this term indicate a higher potential of soil erosion in the
cell and vice-versa. The information shown in Figure 4
could be utilized for identification of the sediment source
areas of the catchments.

Estimation of gross soil erosion

The magnitude of the gross amount of soil erosion from
different descritized cells of the Chaukhutia catchment
was computed by integration of the erosion potential map
(Figrue 4) with annual values of rainfall erosivity factor R
(eg. 2). Computed values of annual R factor are presented
in Table 3 from 1973 to 1990. Gross erosion maps were
computed for all years listed in Table 3. Figures 5 and 6
illustrate the gross soil erosion for minimum annual rain-
fall year 1989 and maximum rainfall year 1978 respecti-
vely. Such maps indicate the gross amount of soil erosion

Kilometers
25 5

KLSCP

- High : 2.953425

s Low : 0.000000

Figure4. Map depicting variation of KLSCP values.

Table 2. Soil type statistics and values soil erodibility factor (K) of
Chaukhutia catchment

Area K (t hah/
Crop management Type of soil (sg. km) haMJ mm)

Landuse Area (sg. km) factor (C)

Fine loamy to loamy skeletal soils 118.0 0.020
Agriculture 71.2 0.340 Loamy skeletal to fine loamy soils 103.3 0.023
Rocky waste land 65.4 0.130 Coarse loamy soils 57.8 0.032
Forest 280.1 0.003 Sandy skeletal soils 24 0.042
Pasture 91.6 0.200 Coarse to fine loamy soils 37.3 0.049
Water body/river 9.0 0.130 Skeletal coarse loamy soils 181.1 0.057
Settlement/roads 54.7 0.130 Deep fine loamy to coarse soils 72.1 0.057
CURRENT SCIENCE, VOL. 98, NO. 2, 25 JANUARY 2010 217
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Table3. Computed values of annual R-factor for Chaukhutia catchment

Year R ((MJ * mm)/(ha~* h)) Year R((MJ* mm)/(ha* h)) Year R ((MJ * mm)/(ha* h))
1973 681.9 1979 524.8 1985 597.1
1974 NA 1980 609.1 1986 616.7
1975 565.3 1981 461.4 1987 462.4
1976 549.4 1982 602.0 1988 655.0
1977 687.4 1983 641.7 1989 450.2
1978 706.4 1984 484.8 1990 572.7

NA, Data hot available.

Gross Soil Erosion (tonnes)
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Figure5. Map depicting gross soil erosion for 1989.

from each cell. It is worth mentioning here that all ero-
sion produced in a cell does not necessarily move from
the area and only a part of it finds its way to catchment
outlet depending on the transport capacity of the flowing
water.

Computation of spatially distributed sediment
transport capacity

The amount of eroded soil particles finding its way from
upstream to downstream cells and finally to the catch-
ment outlet depends on the transporting capacity of the
flowing water. An annual value of spatially distributed
transport capacity for all cell areas was computed using
eg. (6). Here, mean annual transport capacity varies from
year to year as a function of annual rainfall. The parameter
transport capacity coefficient (K+c) (eq. 6), which reflects
vegetation component within the transport capacity, was
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Figure6. Map depicting gross soil erosion for 1978.

determined through calibration®. As a first trial, the
parameter Krc was taken as unity at the beginning and
adjusted manually to minimize sum of the square of
the error between the observed and the computed sedi-
ment yield determined using the concept of transport
limiting accumulation (eg. 10) utilizing observed data for
five years. The calibrated value of Kic equal to 0.05
provided a close match between the observed and the
computed sediment yield and it was adopted for all
other years. This very low value of K¢ indicates strong
influence of vegetative cover on the reduction of trans-
port capacity of cells. Figure 7 shows transport capacity
map for 1975. In the figure, the areas showing higher
transport capacity coincide with steep head water areas and
channel areas in the catchment, and smaller transport
capacity values are mainly found to be associated with
the overland regions that surround the confluence of the
main stream with the smaller order streams and flatter
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land areas found in the cultivated valley lands in the
catchment.

Computation of transport limited sediment
accumulation and outflow

The gross erosion from each grid was routed downstream
(eg. 10) to generate map of the accumulated sediment
yield limited by transport capacity. Such maps give

Sediment Transport Capacity
(1975)

™

Sediment Transport Capacity (tonnes)
& ou}L?t Chaukhutia

10
—
3

254
10

[} ] 12

1 I
Kilometers

Transport Limited Sediment
Accumulation (tonnes)

4  Outlet Chaukhutia
574

-

Kilometers

Figure8. Transport limited sediment outflow map for 1975.
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Figure9. Scatter plot between observed and computed sediment yield.

amount of sediment transported from the system at every
grid and are useful for the determination of sediment
flowing out of the catchment at any location. Transport
limited sediment outflow maps were prepared for all 18
years and Figure 8 depicts map for 1975. The pixel value
of the sediment outflow map denotes the amount of sedi-
ment leaving the current cell to the next downstream cell.
The pixel value of the cell at the catchment outlet denotes
the sediment coming out of the watershed. A scatter plot
generated based on observed and computed sediment
yields revealed that most of the data points were within
+40% error bands (Figure 9). This suggests/indicates that
the present method estimates the sediment yield with

reasonable accuracy compared to other soil erosion
modelle,lG,36—38

Identification of sediment source and sink areas

Maps for deposition of sediment for different years were
derived using eg. (6), helpful in the identification of areas
vulnerable to silt deposition in the watershed. Also, net
erosion maps for different years were calculated by sub-
tracting the deposition rates for each grid cell from the
gross erosion rates for each grid cell. Negative values on
the net erosion map are the areas where sediment deposi-
tion occurs (i.e. true sediment deposition), whereas posi-
tive values correspond to grid cells with net sediment
erosion. Figure 10 depicts erosion/sediment deposition
map for 1975. As seen from this and other such figures
(not shown), deposition of sediment resulted at the grids
where transport capacity was low, mostly by the sides of
some of the stream reaches in valleys and flatter land
areas found in the cultivated valley lands in the catch-
ment. It can also be seen from Figure 10 that spatially
computed soil removal from most of the catchment
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Figure 10. Map depicting soil erosion/sediment deposition areas for 1975.

area is limited to 0-10 tonnes/hectare, except to few
pockets which produce more sediment yield. Such maps
are extremely important in planning conservation meas-
ures; the areas producing more sediment receive priority
for their implementation.

Summary and conclusions

Various thematic layers representing different factors of
USLE were generated and overlaid to compute spatially
distributed gross soil erosion maps for the Chaukhutia
Watershed. The concept of transport limited accumula-
tion was used in ArcGIS for generating maps for trans-
port capacity, gross soil erosion was routed to the
catchment outlet using hydrological drainage paths result-
ing in generation of transport capacity limited sediment
outflow maps. Such maps provide the amount of sedi-
ment flowing from a particular grid in spatial domain. A
comparison of the observed and computed sediment yield
reveals the proposed method to compute sediment yield
with reasonable accuracy. Further, maps for deposition of
sediment were also generated for the identification of
areas vulnerable to silt deposition in the catchment. The
deposition of sediment was found to occur at grids where
transport capacity was low, mostly lying by the sides of
some of the stream reaches. Superimposition of sediment
deposition map over gross erosion map led to areas vul-
nerable to soil erosion and deposition. Such maps are
important in planning conservation and control measures.
The specific conclusions are given below:
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. Very low calibrated value of parameter K¢ indicates

strong influence of vegetative cover on reduction of
transport capacity of the cell areas.

. Areas showing higher transport capacity coincide with

steep head water areas and channel areas in the catch-
ment and smaller transport capacity values are mainly
associated with the overland regions that surround the
confluence of the main stream with the smaller order
streams and relatively flat land areas found in the cul-
tivated valley lands in the catchment.

. The proposed method produces satisfactory estimates

of sediment outflow from catchment with + 40%
deviation from observations.

. Spatially computed soil removal from most of the

catchment area is limited to 0—10 tonnes/hectare/year
except to few pockets which produce more sediment
yield.

. Deposition of sediment resulted at grids where trans-

port capacity was low, mostly lying by the sides of
some of the stream reachesin valleys.
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