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ABSTRACT

\

GIS techniques have been utilized to spatial discretization of a catchment in to time-area
segments to be used in numerical solutions of the govemning differential equations for
rainfall-runoff-erosion process, Various thematic layers such as soil, landuse, slope, flow
direction, DEM were generated for the Karso catchment using various tools available in
GIS. These thematic layers were further utilized to generate attribute information such as
Manning’s n, USLE K and C parameters for use in rainfall-runoff-soil erosion model.
Based on DEM and related attributed information of the catchment, time-area map of the

catchment was prepared and used for spatial discretization of the catchment.

Rainfall abstraction has been catried out by phi-index method. The excess rainfall falling
on each of the time-arca segments was routed to outiet using numerical solutions of
kinematic wave equation using fully implicit four-point finite difference scheme. The
sediment yield has been estimated by solving sediment continuity equation using fully
implicit finite difference scheme. Comparison of results indicated applicability of this

modelling concept for Karso catchment.



1. INTRODUCTION
1

Soil erosion is among the most critical environmental hazards of modern times. Vast
areas of land now being cultivated, may be rendered unproductive or atleasi economically
unpreductive, if erosion continues unabated. Information on the sediment yield at the
outlet of a river basin can provide a useful perspective on the rate of soil erosion and soil
loss in the watershed upstream. Soil crosion involves detachment, transport and
subsequent deposition (Meyer and Wischmeier, 1969). Soil is detached both by raindrop
impact and the sheaﬁng force of tlowing water, Sediment is transported down slope
primarily by flowing water, although there is a small amount of downslope transport by
. raindrop splash. Runoff and downslope transport does not occur until rainfall intensity
exceeds infiliration rate. For this reason soil erosibility decreases as infiltration rate
increases. Once runoff starts, the quantity and size of material transported increases with
the velocity of runoff water. At some point downslope, slope may decrease, resulting in a
decreased velocity and transport capacity. At this point, sediment wiil be deposited,
starting with the large particles and aggregates. Smaller particles and aggregates will be

carried further downslope, resulting in what is known as enrichment of fines.

Models available in the literature for sediment yield estimation can be grouped in to two
categories {a) physically based models (b) lumped models. Generally in physically based
models the ground surface is separated into inter-rill and rill erosion areas. Petachment
over inter-rill areas is considered to be by the impact of rain drop because flow depth are
shallow, while runoff is considered to be the dominant factor in rill detachment and
sediment transport over both rill and inter-rill areas. The physically based models include
AGNPS (Young et al., 1987), ANSWERS (Beasley et al., 1980), WEPP (Nearing et al.,
1989) and SHETRANS (Abott et al. 1986, Wicks and Bathrust, 1996). The physically
based models are expected to provide reliable estimates for the sediment yield. However.
these medels require the coordinated use of various sub-models related to meteorology.

hydrology. hydraulics and soil. As a resuit, the number of input parameters for some of



these models is h‘igh. Therefore, practical application of these models are stil] limited
because of such uncertainty in model parameters and also due to difference between the
scale of application i.e. a catchment and that of the development i.e. a field (Hadley et al,,

1985; Wu et al,, 1993).

Alternatively, the lumped models such as Universal Soil Loss Equation (USLE)
(Wischmeier and Smith, 1978), Modified Universal Soil Loss Equation (MUSLE)
(Williams, 1978) or Revised Universal Soil Loss Equation (RUSLE) (Renard et al.,
1993}, combine the erosion from all processes over a catchment into one equation.
Rainfall characteristics, soil properties, and ground surface conditions are represented by
empirical constants in these methods. The lumped methods of sediment yield estimation
are in frequent use in many parts of the world (Bogardi et al., 1986; Julien and Tango,
1994: Kothyari et al., 1996).

Geographic Information Systems (GIS) link land cover data to topographic data and to
other information concerning processes and properties related to geographic location.
When applied to hydrologic systems, nontopographic information can include description
of soils, land use, ground cover, ground water conditions, as well as man-made systems
and their characteristics on or below the land surface. A number of studies have been
carried out in the past wherein the soil rates were determined using the USLE and the GIS
(Bocco et al., 1988; Omakupt, 1989; Jurgens et al., 1993; Jain et al., 1995). In the present
study, GIS techniques has been utilized for spatial discretization of a catchment into time
area segments by computing time of travel from individual grid to reach out let of the
watershed and reclassification of time travel map into isochrone map. The GIS techniques
are also utilized for determination of those physical parameters of individual time area
segment such as slope, length, width, USLE parameters etc. that are related to the soil
erosion. Surface erosion is then computed within the individual time -area segment using
expressions for sediment detachment and transport. Next, the eroded sediment is routed to

the catchment outlet by sediment continuity equation.



2. MATHEMATICAL FORMULATION

1)
The one-dimensional partial differential equations employed in the present swdy for

rainfall-runoff-erosion modeling are given below:
2.1 Overland Flow

The processes of soil detachment and transport are strongly influenced by the flow
dynamics. Consider that w is the width of an elementary strip in the catchment and # is
the flow depth. Assuming uniform distribution flow over the width due to the effective

rain, i, continuity equation for flow is given as below (Field, 1982).

—op-an{i}:wxie w1
& a

Here Q is the inflow in the direction x and ¢ is time. If all the changes in momenium flux

and pressure are neglected then the momentum equation reduces to (Henderson, 1966)
§, =38 2

Here §; is friction slope and § is the bed slope. Under these conditions flow cross-

sectional area 4 can be expressed as a power function of discharge (Chow et al., 1988) as

A=aQ? w3

The coefficient « and § arc called the kinematic wave parameters. According 1o

Manning’s equation, £ =2/3 and, in SI units:

1
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where # = Mamning’s roughness coefficient, & is proportion of catchment width

comprising the wetted perimeler of channel flow (Fietd, 1982). Since in most of the
'

catchment applications it is difficult to evaluate n and & separately, the eflective

roughness is defined (Field and Williams, 1983) as,

p=n &’ 5

so that eq. 4 becomes

12
hY

o= .0

7

These relations can be combined to produce the kinematic wave equation for flow given
as below:

Ep,*,a Q’rj”@:wxj 7
& 7]

e
&

In the present study x is the distance measured along the main channel (Fig. 1) from the
most remote point on the catchmenl divide and w is the width of catchment at distance x,
measured along the isochrone which represents the time of travel of kinematic wave 10
the catchment cutlet, The time value of isochrone passing through given x may change
through the course of a storm event. However, under the assumption of acrial uniformity

of rainfall excess its shape will remain unchanged in which case w = w(x) (Field, 1982).

2.1.1 Non-dimensional form

The order of magnitude of various terms appearing in Eq. 7 could be largely different in
problems invelving real data. However it is considered that the order of magnitude of

various terms in non-dimensional form of the equation will not vary.much from each
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other. Hence it is appropriate to solve Eq. 7 in its non-dimensional form. As per Field

(1982) the following steps have been taken for this purpose.

The length of main stream [ is considered as the characteristic length, thus x can be non-

dimensionalized by defining
x'=x/L .. 8

If P, which is the average intensity over the storm, is considered as the characteristic

rainfall intensity, and A4,, is the catchment area then non-dimensional flow discharge is

Non-dimensional flow width
w=w/w .. 10

where w is the average width of the catchment. Time ¢ is non-dimensionalized by the

time of concentration for the catchment 7..

Let the catchment be divided into segments of length L, slope S and effective roughness

17, then the velocity of flow,

A 11

Also ¥, can be determined as per Manning's equation by taking the average value of flow

depth A as equal to P, -7, Accordingly;

r

K=-I~(H'7;)2'JS‘-” 12



Therefore,

2323 erif3
L _PRTS,
t,

3
,
as 3t =T it follows that
Tc:ng.sﬂfm(ll/s:/z)us 14

Here I :ZLi and S is the equivalent uniform slope of the catchment and ., is the

equivalent effective roughness for the catchment. These are given by the following
equations:

and
7, = (Sl’z/L)[Z [%%H 16

and t is non-dimensionalized by defining ¢ = 1/, and has been non-dimensionalized as:

a' = (a- LY w PPy .17

which according to Manning’s equation reduces to:

3/5 I EN
a,{ﬂJ [%J 18
T?e T



Excess rainfall intensity has been non-dimensionalized by average intensity of the

rainstorm as

i'=i /P .. 19

MNow Eq. 7 is written in the equivalent non-dimensionalized form as below:

(x)! 3 (X'-)' .r
LE ot )’fflwz o .. 20
A e ' vl

The above equation is quite convenient for computational purpose. For getting the output

again, the non-dimensional value can be multiplied by 4, - F,.

2.1.2 Numerical solution

Given the kinematic wave friction parameters « and p the lateral inflow which is equal to

w'-i, Eq. 20 is solved for O'(x’.¢) at each point on the x' —t' grid to determine the

hydrograph @ (L,4) at the outlet using the initial and boundary conditions.
2.1.3 Numerical grid used for computations

The temporal variation ie. the storage delay of an input at the catchment outlet can be
estimated by the catchment time area curve (Laurenson 1964). This method also accounts
for the time intensity variation and aerial distribution of rainfall (Linsley et al, 1958). In
order to utilized the potential of time area segment for computation of temporal variation
of sediment vield the spatial grid for numerical computation is formed using the time area
segments. For this, value of the time increment Afis decided first. Isochrone are then
drawn over the catchment such that time of concentration of surface runoff between two
successive isochrones is Ar. Distance between these isochrones becomes the Av value in
the numerical grid. Thus the resulting grid will have changing value of Ax with the

distance. In Fig, 1 the definition of a time area element is given on the top and the middle



portion depicts the variation in widths and lengths of the elementary time area profiles
along the main stream while the bottom portion depicts the non-uniform grid which is
formed by the time area segments and is used for numerical computations. Let Ax/ be the
non-dimenstonal space incremenl on the x’—¢" grid as per Fig. 1 then by using a fully
implicit four-point finite difference scheme. Eq 20 can be written as below (Chow et al

1988):

At

fj+| ra ;j+l]ﬂ

[ 23] i+] i+1
i+1

AF . ' Y q!_!f*l _q!_J.i - 21
- - Q|J+ +a.’+1 [Qx’-{-’l] + Ata T+1 i+]
Ax 2
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Here gi' is the non-dimensional form of lateral flow, which is equal to w/ -iﬂr .Eq.21isa
non-linear equation in (/)" . Newton’s iterative procedure has been used for its solution
for spatially varying roughness and temporally varying inflows. This solution is
unconditionally stable and a wide range of (At'/Ax') values can be used without
introducing large errors in the shape of the computed hdrograph (Chow et al, 1988). The

initial estimate for Q"' to be used in non-linear scheme (iterations) has been obtained

by using a linear scheme for solution in which case f=1.
2.1.4 Initial and boundary conditions

Initially i.e. at ¢' =0 the flow is equal to zero at all the points in the space domain in a

dry catchment therefore

Q(x',M=0for0sx =1, ats' =0 .22

For a wet catchment the value of initial flow or base flow should be known. In that case

Q'(x' )= Similarly the discharge is zero from the upper most point of the space



domain for all time ¢ because only small headwater catchments are studied in the

present study. Thus:

O'(0,1')=0 for ' >0 .23

The output of the above mode produces the ('(x',#'). Making use of the appropriate
definitions given previously, dimensionalization of output is done. As uniform conditions
are assumed fo exist over the width of catchment, the discharge per unit width and
average velocfty for each time area segment can be computed which become input to the
sediment model. Flow depths and flow velocities are then computed at the prid points

using Meaning’s relationship.
2.2 Soil Erosion and Sediment Routing

Soi! erosion is a complex process consisting of detachment of soil particles and their
transport down slope. Eroded sediment deposits enroute if the transport capacity of the
flow is inadequate. Here the flow of sediment laden runoff is treated as one dimensional,
unsteady phenomenon. Imbalances between sediment supply and transport capacity cause
erosion or deposition in the catchment. These processes are interrelated and must satisfy
locally the conservation principle of sediment mass expressed by sediment continuity
equation. The continuity equation for sediment is solved while keeping track of soil
erosion and deposition in the flow elements, Finally sediment discharge at the catchment

outlet is determined.
2.2.1 Sediment continnity equation

The continuity equation normally used in dynamic erosion model is given below

(Bennett, 1974; Foster, 1982).

Ch
%iiﬂos%:DﬁrDF .. 24



Here g, is the sediment load mass per unit width per unit time, x is the distance along the
slope, g, 1s the mass density of the sediment particles, C. is the averaged concentration of
the sediment in the flow, # is the flow depth; 7 is the time, D, is the rill erosion rate (mass
per unit area per unit time) and D, is the delivery rate of sediment from interrill areas
{(mass per unit area per unit time). The term ¢, /d is the build up or foss of sediment
load with distance and A(Ck)/é is the storage rate of sediment within the flow depth
and D, and D, are the contributions from lateral inflow. Since ¢, = p,C.g and g=V -k

the above equation can be written as

/
%Jrﬂ‘fgﬁzpﬁpp .25

Where g is the discharge per unit width and ¥ is the flow velocity.
2..2.2‘ Numerical solution

No general analytical solution to above equation exists. For the actual conditions the
solution is usually made numerically using finite difference scheme. For this, the
catchment is divided into number of time area segments. Similar to runoff simulation,
sediment processes are also simulated in each of these segments. The computation
sequence is also kept the same as used for runoff component. The finite difference
scheme is used for solution of Eq. 25, with a typical grid in time and space as adopted in
casc of rajnfall-runoff model (See Fig. 1}. The finite difference form of the Eq. 25 is as

under (Foster, 1982).

Ax

i+l i-1

B i
|:‘1'm1 s (l_a)+qsp+Alx__‘Zi(a):|

At
=(1-0)D/ + ) D, +(1-8)D,. +(5)¥D, +(1-6)D,7]
+(5D" +(1-b)D,  +(B)D/

Fitl

R S Al —q)]
+{-"”“(lb)+"mq"(b) e 26



Here 4, is given by ¢./¥; a is the space weighting factor, b is the time weighting factor, x
and r are space increment at jth node and time increment respectively, q,' is the quantity
g, at grid point x = j ; Ax;and ¢ =n-At. When weighting factors « and # are both zero.

Eq. 26 becomes a fully implicit scheme (as used for rainfall-runoff model) and then it has

i+l

g,/ as the only unknown. The other values are known from previous computations,

initial and boundary conditions; else they are determined through the rainfall-runoff

model.

2.2.3 Initial and boundary conditions

[t is considered that initially flow is not carrying sediment, i.e.

g{x0)=0for0<x <L e 27

and also,

4,(0,£)=0 fort>0 .28

It implies that similar to runoff the inflow of sediment to the catchment is zero at the

uppermost point.

2.2.4 Detachment by raindrop impact

When raindrop strikes the soil surface, soil particles are dislodged by the impact of
rainfall. The rate of detachment by raindrop is generally proportional to the square of
rainfall intensity (Beasley et al, 1980). The detachment due to raindrop impact is

considered

D, =Cp-C-K-A-T° .29

12



Here D, is the rainfall impact detachment rate (kg min'}, C is the cover and management
factor, a parameter of the Universal Soil Loss Equation (USLE, Wichmeier and Smith,
1978), K is the soil erodibility factor {another parameter of the USLE), 4 is the area
increment (m?), I is the rainfall intensity (mm/min) and C, is a coefficient, the value of

which is to be optimized during calibration of the model.
2.2.5 Detachment by flow

Detachment of soil particles by flow occurs when the shear stress at the ground surface
overcomes the gravitational and cohesive forces of the soil particles. Generally this
detachment rate is proportional to both the surface slope and flow rate (Beasley et al,
1980). The detachment by flow is considered to be given by

D, =C,-C-K- 4 5q .30

Here D, is the flow detachment rate (kg/min), § is slope and g is the flow rate per unit

width (m/min}, and Cy, is another coefficient, value of which is determined by calibration.
2.2.6 Transport capacity of the flow

The sediment load at catchment outlet is controlled by the amount of sediment made
available for transport by detachment process and by the transport capacity of the flow
(Meyer and Wischmeier, 1969). Factors controlling sediment transport capacity can be
grouped into three categories: fluid properties, sediment characteristics and hydraulic
parameters associated with the flow path. Chang (1988} described how the motion of a
particle is controlled by two opposing forces: the applied force and resisting force.
Beasley et al (1980) compared the different relationships for transport capacity. They
suggested equations for the transport capacity in terms of the discharge and the slope.
Nevertheless to account for the effect of changing hydraulic parameters, in other words
the resisting force, in the catchment, the transpert capacity is also considered to be a
function of the C parameter of the USLE. Therefore following empirical equations as per

13



Beasley et al. (1980) are assumed to hold good for the transport capacity of the flow T,
(Kg/min/m)

T,=Ca -5 -C-g" forq < 0.046 m® min* .31
Th=Ca,-8-C-g’ forq > 0.046 m® min" .32

Here Ca, and Ca, are coefficients, values of which are considered to be the same as given
by Beasley et al. (1991). The sediment load going out of any time area segment is limited
by transport capacity of the flow in that segment. Hence, if sediment availability exceed
the transport capacity, then excess sediment is left behind by flow in the corresponding

time area segment.

14



3. THE STUDY AREA AND DATA AVAILABILITY

For the present study, the Karso catchment in the Barakar basin has been selected due to
availability of data. The stream named Kolhuwatari traverses through this catchment and
finally joins the Barhi nadi, a tributary of Barakar river. The total area of the catchment is

27.93 sq. km.
3.1 Location

Geographically this catchment lies between longitudes 85°24'20" East and 85°28'6" East
and latitudes 24°16'47" North and 24°12'18" North as shown in the Fig. 2. The catchment

is near the Tilaiya reservoir, which is built on the river Barakar.
3.2 Climate

The catchment lies in sub-humid tropical climatic zone. The mean annual temperature of
the catchment is about 29°C. The maximum temperature of the region varies from 38.9°C
o 44.4°C and the minimum temperature varies from 10.6°C to 20.6°C. Evaporation is
ranging from 13.9 mm to 23.6 mm with the average of 20.9 mm/day during May-June
(SCD, 1983). Precipitation occurs in the form of rainfall during July to September. July

and August are the wettest months. The annual precipitation of the area is 1243 mm.
3.3 Topography

The caichment has extremely undulating and irregular slopes ranging from moderate
1.8% to steep 31.94%. The average slope of the catchment is 7.3%. The maximum
elevation of the catchment is 675 m, the minimum elevation is 382 m above mean sea

level (Fig. 3).
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3.4 Seil Characteristics and Drainage Pattern.

The soil within the area is primarily coarse granular. The texture of soil is light sandy
loam with the average percentage of coarse sand, fine sand, silt and clay as 30%, 28%,
17% and 25% respectively (Singhal, 1982). The data collected from soils Division of

DVC Hazaribagh (Table 1), illustrates the characteristics of the soils of the carchments.

Table 1 Soil characteristics at Different Locations in the Karso Catchment

Coarse Fine . % water )
Location Sand Sand (Ei;,]; ?ul;;’ D':E; Holding SPore ?eil,fti ¢
%) %) a Yo Y Capacity pace ravity
Higher | 5540 | 5950 703 | 773 1.37 27.00 36.57 2.08
Elevation
Middle | 5540 | 2668 | 1475 | 2183 1.3% 29.67 40.22 2.06
Elevation
Lower 14.55 2328 | 2120 | 29.65 1.40 13.52 43.96 2.09
Elevation

The soils are low in organic matter content. The drainage pattern of the catchment is
shown in Fig. 3. The main stream namely Kolhuwatari has several sub-tributaries spread

over the entire area.

3.5 Land Use Pattern

The land use in this area can be grouped under three categories viz. agricultural land,
forest and open scrub. The forests in the catchment are mainly of two types viz. protected
forest and open forest. The protected forest is managed by forest department of
Hazaribagh. The open forest has been defined as the area with less than 50% crown
density and the dense forest has been defined having more than 75% crown density
(Singhal, 1992). Agricultural land has paddy cultivation and mixed cultivation areas.
Land use pattern in the catchment is shown in Fig. 4. Most of the cultivated area has been

treated by soil conservation measures like terracing, bunding etc.

17




Fig. 3 Drainage map of Karso catchment
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Fig. 4 Landuse map of Karso Catchment
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3.6 Instrumentation, Measurement and Collection of Data.

The gauging work of Kohuwatari river flow and collection of sediment load data were
initiated in the year 1991 for hydrological studies to assess the effects of soil conservation
measures on surface runoff and erosion under the Indo-German Bilateral Project on
Watershed Management (S&WCD, 1991). Under this scheme, existing and newly
constructed sediment monitoring stations were equipped with tipping bucket type
automatic rainfall recorder and water level recording devices, linked to an electronic data
logger system. Samples for sediment load were collected using the Punjab or USDA
bottles. Sediment samples were taken for every 15-cm of rise and fall of water level with
a maximum time interval of one hour during a flood event. The data on rainfall, runoff

and sediment yield for the catchment is available in the literature (S&WCD, 1991).

20



4. ANALYSIS
4.1 Generation of Digital Input Maps

The river network and contour map of the swudy area has been derived from Survey of
India toposheets no 72H/7/SE and 72H/8/NE in 1:25,000 scale. Derived contour and
drainage maps were then digitized on ‘Integrated Land and Water Information System
(ILWIS). Digitized segment contour map, rasterized to 30m-pixel size is then interpolated
1o generate a Digital Elevation Model (DEM) of the arca. This DEM was further analysed
to remove pits and flat areas in it using neighborhood functions available in ILWIS.
Further a slope map and flow direction map is generated from this DEM. Figs. 5 and 6
show respectively the classified DEM of the basin and classified slope map of the basin.

4.2 Time Area Diagram

Velocity is a vector quantity specified by magnitude and direction of flow. In grid based
GIS analysis, the direction of flow from one cell to other neighboring cell can be
ascertained using pour point algorithm (ESRI, 1992). Once the pour point identified the
flow direction in each cell, a cel! to cell flow path exists to the watershed outlet. If a flow
path from celi j to the outlet traverses m cells, m = 1,2,..... M,, the flow length Z; is defined

as the flow distances through each cell along the path
L=>1, .33

where cell flow distance [, is equal to the cell size or 1.41 times the cell size depending
on whether the flow direction is along the coordinate axis or along a diagonal,
respectively. If the flow time in cell m is T,, the flow time 7; from cell j to the outlet can

similarly be computed by summing the time through each of M, cells on the path as

21
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Fig. 5 Classified DEM of Karso Catchment



Fig. 6 Slope map of Karso catchment
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M

=T

" .34
m=|
Determination of flow time by the method described above requires the specification of
the flow time for each cell on the watershed. There are 2 number of methods by which
this can be done. However for the present study, method proposed by Regan and Duru
(1972) for estimating travel time T, , over a plane surface based on kinematic wave
equation have been employed. The equation is:

6.918(n- L)"*
_ 0918(n- L) .35

m 204 o 03
I(‘ Sm

where T, is travel time in minutes, # is Manning’s n, L is length of cell in direction of
flow in metre, /, is rainfall intensity in mm/hr, S, is slope of cell m. Since for each cell
both flow direction and flow time area now known, and the paths from each cell to the
watershed outlet has been specified, it follows that one can create a grid of flow travel
times where the value in each cell is the time taken for water from that cell to flow to the
watershed outlet. The cells may then be classified into zones {, i=1,2...., whose travel
time ¢ falls into time interval 0s1<4t, zone 2 has travel time Arst<2At, and so on. The line
bounding the outer limit of the cells in zone i is the isochrone of travel time r=id¢ to the
watershed outlet. The total area of the cells in zone i is A, In this way, the isochrone map

of the watershed is created and is shown in Fig. 7.
4.3 Generation of Attribute Information

The time area diagram is further analysed to calculate area, length, width, average slope
of each isochrone. The average slope of each isochrone was calculated by map cross
between slope map and isochrone map and aggregate functions of ILWIS. Further
Manning’s n, USLE K and USLE C maps were prepared as attribute map of landuse map.

For each isochrone, average value of Manning’s #, USLE X and USLE C parameters
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were calculated by cross operation beiween appropriate maps and further aggregation of
resultant cross table into time area zones. Results of these cross and aggregation

operations are shown in Table 2,

Table 2 Characteristics of time-area segments of Karso catchment

Segment Area Width | Length Manin. n Slope USLEC | USLEK
5q. m M~ m m/m

0-10 440000 700 628.57 | 0.20000 | 0.02340 0.20 0.28
10-20 2562500 1700 [ 1507.35 [ 0.10405 | 0.01910 0.27 0.58
20-30 3885000 2550 | 1523.53 ¢ 0.14627 | 001810 0.26 042
30-40 4642500 3400 | 1365.44 | 0.19817 | 0.01610 0.25 0.39
40-50 3115000 4000 778.75 | 031096 | 0.02070 0.24 0.44
50-60 3080000 4200 73333 | 0.32934 0.02600 0.25 0.36
60-70 3100600 3600 86L.11 1 035690 | 0.06350 (.22 0.36
70-80 2567500 3500 733.57 | 0.41908 | 0.13740 0.16 0.36
80-90 1535000 2350 653.19 | 0.46837 0.13510 0.10 0.33
90-110 1955000 22007 888.64 | 0.48913 | 0.17360 0.05 0.24
110-120 1052500 160G 657.81 1 0.50000 | 0.11900 0.02 0.20
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5. RESULTS AND DISCUSSIONS

For the purpose of numerical computations the computational time period Af, was
considered to be equal to the discretization time T as adopted for preparation of time area
segmenis. Since for the Karso catchment, the observed rainfall-runoff sediment yield data
were available at 10-minutes interval, the discretization time T was coensidered equal to
10 minutes. The length of time-area segment determined the spatial grid size Ar. As the
length is different for different time-area segments (Table 2) in a catchment, non-uniform

spatial grid as determined by these lengths was formed.

5.1 Calibration of rainfall-runoff model -

The value of Manning’s friction parameter # lying between 0.01 and 0.5 were chosen as
per Woolhiser (1977) based on the landuse of the catchment, The time-area map was
superimposed over Manning's n value map and aggregated value of Manning’s » for each
lime-area segment was calculated. The kinematic friction parameter a was then computed
using eq. 6 by taking & as 1.0. The value of other parameter § in the kinematic

formulation was kept constant and equal to 0.6.

Rainfall abstraction was carried out using phi index method. The phi index depends upon
antecedent moisture conditions and it was determined for each event by a volume
matching in which the rainfall excess volume was equal to direct runoff volume. Using

non-dimensional effective rainfall, roughness coefficient, and kinematic parameters as

computed previously, the initial estimates of Q"'

"1 were computed with p=1 for two
storm events selected for calibration. Next the estimates for O/ was obtained using eq.
21, using the initial estimates obtained with linear scheme above for both the events.
These values were later dimensionalized by making use of appropriate definitions. The
outputs obtained include discharge and velocity at each computational grid point and

outflow hydrograph at the outlet. The value of model parameter £ was optimized using

27



Marquart algorithm. After successful execution of the optimization model the parameter £
was found to be 0.14674 as optimum for Karso catchment. Comparison statistics of
observed and simulated events is given in Table 3 for model calibration run. Nash-
Sutcliffe (1970) coefficient R® was also calculated for both the events used in model
calibration. As can be seen from Table. 3 the model efficiency is found to be above 0.88
for model calibration. Gfaphical comparison of observed and simulated hydrographs for
both the events used in calibration are shown in Figs. 8 and 9 respectively. It can be seen
from these plots, that the model can very well simulate runoff hydrograph used in

calibration.

Table 3 Comparison of observed and simulated runecff for calibration

Peak flow (cumec) | Time to peak flow {min} Volume (mm) . 2

Event ™ obs. Sim. Obs. Sim | Obs, | Simu | or-Sutcliffe R
03.08.91 4.130 3,539 500 520 4.71 4.67 0.8875
04.08.91 3.855 3.667 280 280 4.97 4.92 0.8993

5.2 Verification of rainfall-runoff model

The calibrated model was used for verification of independent set of three sterm events
whose data was not used for calibration. Optimized value of model parameter £ found out
during model calibration was used to compute flow velocities and discharge at all the
computational grid points as well as catchment outlet. The verification results are
presented in Table 4. To ascertain applicability of the model, Nash-Sutcliff coefficient R’
was also calculated and is given in Table 4. For storm events used in validation the R’
values were found te range between 0.7 to 0.9. Comparison between computed and
observed values of peak discharge and time to peak discharge is also shown in Table 5.
Graphical comparison of observed ands simulated hydrographs is shown in Figs. 10-12.
These results verify suitability of present method for simulation of rainfall runoff storm

events.
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Table 4 Comparison of observed and simulated runoff for validation

Peak flow {cumec) Time to peak flow {min) Volume (mm . 3

Event Obs. Sim. Obs, Sim. Obs. (Sim)u. Nash-Sureliffe R
17.08.91" 7.250 7.991 540 490 11.30 11.2% 0.8375
27.07.91 6.830 5.000 160 160 9.23 9.13 0.8082
28.07.91 4.717 3.656 60 90 4.73 4.63 0.9297

5.3 Sediment yield estimation

Sediment yield estimations were made using known flow velocity and discharge
computed by flow model at each computational grid points using numerical solution of
sediment continuity equation given by eq. 26. Attribute information such as USLE K and
C, slope of each time-area segment cte. for éll discritized time area segments was derived
using GIS analysis and reported in Table. 2 have been used for computation of sediment
yield. The mathematical formulation for sediment yield estimation has four parameters
viz. Oy, Cp, G, and C,;. The parameters C,, and C,, were taken as 161 and 16,320
respectively as per Beasley et al. (1991). The parameters C,, and C,, were optimized
using sediment yield data for two storm events used for rainfall-runoff model calibration
50 as to obtain minimwn standard error between observed and computed sediment yield.
Accordingly, value for C,, and C,, was found to be 0.002 and 0.000065 respectively for

Karso catchment.

Comparison was made between observed temporal variation of sediment yield and
corresponding computed values for both the events used for calibration. Table § gives
comparison for the peak value of sediment yield, time to peak value of sediment vield as
well as Nash-Sutcliffe R* value for both the events. Graphical comparison of compuied
and observed temporal variation of sediment yield for events used in calibartion is shown
in Figs. 8 and 5. It is evident from these plots that in general, satisfactory prediction is

obtained for temporal variation in sediment yield.
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Table 5 Comparison of observed and simulated sediment yield for calibration

Peak Sediment Time to peak sediment Total sediment
Event discharge (kg/min) discharge (min) yield (Tons) Nash-Sutcliffe R
Obs. Sim. Obs. Sim. Obs. Simu.
03.08.91 274 255 510 470 109.00 137.67 0.7094
04.08.91 393 263 280 230 15625 | 142.39 0.6843

To check the applicability of optimized values of parameters C,, and C,,, data for
remaining three events have been used for model verification. The same data have also
been used for verification of rainfall-runoff model. The comparison between
corresponding observed and computed values for verification data is given in Table. 6. It
can be seen from Table 6 that the model simulated independent data set reasonably well.
Poor prediction in case of one storm event may be attributed to uncertainity in observed
data. Graphical comparison of computed and cbserved temporal variation of sediment
yield for events used for model verification has been shown in Figs. 10-12. It is evident
from these plots that in general, satisfactory prediction is obtained for temporal variation

in sediment yield,

Table 6 Comparison of observed and simulated sediment yield for validation

Peak Sediment Time to peak sediment Total sediment
Event discharge (kg/min) discharge (min) yield (Tons) Nash-Sutcliffe R?
Obs. Sim. Obs. Sim. Obs. Simu.
17.08.91 1104 667 540 460 287.53 38597 0.6243
27.07.91 341 698 130 140 117.67 293.49 -
28.07.91 1826 310 50 30 283,49 | 156.98 0.3160

Total sediment yield was also computed for all the events and is given in Table 5 and 6
both for calibration and verification, Comparison of total sediment yield reveal that the

present method has predicted total sediment yield with reasonable accuracy for majority

of events.
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6. Conclusions

GIS techniques have been utilized to spatial discratization of a catchment in to time-area
segments to be used in numerical solutions of the governing differential eguations for
rainfall-runoff-erosion process. Various thematic layers such as soil, landuse, slope, flow
direction, DEM were generated for the Karso catchment using various tools available in
GIS. These thematic layers were further utilized to generate attribute information such as
Manning’s n, USLE K and C parameters for use in rainfall-runoff-soil erosion model.
Based on DEM and related attributed information of the catchment, time-area map of the
catchment was prepared and used for spatial discretization of the catchment. Comparison

of results indicate applicability of this modelling concept for Karso catchment.
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