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PREFACE

The process of storm runoff generation being too complex has been of concern to
hydrologists, engineers, researchers, and planners since long. Methods ranging from the
simple empirical fits to the time and space distributed models are available in literature.
In practice, the linear unit hydrograph concept and its variations along with a mechanism
for accounting for infiltration losses are generally used for runoff computation. The Soil
Conservation Curve Number (SCS-CN) method developed in 1956 is widely used, for it
accounts for major runoff producing physical characteristics of watersheds in terms of

soil, land use, hydrologic condition, and antecedent moisture condition.

In this report, a time distributed SCS-CN based runoff method is developed and
applied to several rainfall-runoff events of two watersheds. Methodology is described in
steps for ease in hand computation and the application is described using examples, for

practising/field engineers.

The report entitled ‘Application of SCS-CN based runoff model’ has been
prepared by Dr. Surendra Kumar Mishra, Scientist E and Divisional Head, Flood Studies
Division, National Institute of Hydrology Roorkee. I hope the contents of the report will

be useful not only to academicians, research scholars but also to field and practising
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engineers.
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ABSTRACT

Modelling of rainfall generated runoff is of paramount importance in hydrological
design of water resources structures. The Soil Conservation Service (1956, 1964, 1935)
Curve Number (SCS-CN) method is most popularly used by scientists, engineers,
practitioners, and academicians, for it is simple, stable, and takes into account most of the
watershed’s runoff producing characteristics: soil type, land use, hydrologic condition,
and antecedent moisture condition. This event-based spatially and temporally lumped
method has also been used in long term hydrologic simulation with varying degree of
success. The present report develops a spatially lumped but temporally distributed SCS-
CN based runoff model for simulating seventeen rainfall-runoff events of a mine-affected
Himalayan Jhandoo Nala watershed (area=17.7 ha) and seven events of 3F sub-zone
watershed (area = 823.62 sq. km) of Godavary. The application of the developed
methodology has also been demonstrated with the help of two examples. Simulation
results are discussed with the help of error criteria of standard error and coefficient of
determination, for evaluating the model performance, and relative error is used for
evaluating the model performance in simulating the volumes of the runoffs. It is found
that peak discharges and time to peak discharges simulate reasonably well and mass is

conserved satisfactorily.
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INTRODUCTION

Rainfall-runoff modelling is an important and integral part of the water resources
planning and management. The long term hydrologic simulation is important for water
availability studies (Ponce and Hawkins, 1996) whereas short term medelling for the
estimation of flood peaks for designing flood protection and management works. Linear
convolution techniques, for example unit hydrograph, coupled with a mechanism, such as
¢-index, for accounting infiltration losses are generally employed for rainfall-runoff
simulation. However, the sophisticated and advanced distributed watershed models, for
example, System Hydrologic European (SHE) model, utilise infiltration models along
with others for computing the runoff. In this report, spatially lumped and temporally
distributed event-based (or short-term) simulation is attempted using the Soil
Conservation Service-Curve Number (SCS-CN) method (Soil Conservation Service,
1956, 1964, 1987).

The SCS-CN methed is one of the most popular methods for computing the
volume of surface runoff for a given rainfall event from small agricultural watersheds.
The method has been the focus of much discussion in agricultural hydrologic literature.
In a very recent article, Ponce and Hawkins (1996) critically examined this method;
clarified its conceptual and empirical basis; delineated its capabilities, limitations, and

uses; and identified areas of research in the SCS-CN methodology.

The origin of the SCS-CN method can be traced to the proposal of Sherman
(1942, 1949) on plotting direct runoff versus storm rainfall, and the subsequent work of
Mockus (1949) on estimation of surface runoff for ungauged watersheds using
information on soil, land use, antecedent rainfall, storm duration, and average annual
temperature. Andrews (1954) developed a graphical procedure for estimating runoff from
rainfall for combinations of soil texture and type, amount of vegetative cover, and
conservation practices, all combined in what is referred to as soil-cover complex or soil-
vegetation-land use (SVL) complex (Miller and Cronshey, 1989). Thus, the empirical
rainfall-runoff relation of Mockus (1949} and the SVL complex of Andrews (1954)



constituted the building blocks of the SCS-CN method described in the Soil Conservation
Service National Engineering Handbook Section 4 (Soil Conservation Service, 1956,
1985). Rallison and Miller (1982) succinctly described the SCS-CN method as a
graphical wransformation and generalisation of the works of Andrews {1954) and Mockus
(1949).

There is a considerable amount of literature published on the SCS-CN method and
several recent articles review much of this literature. For example, Ponce and Hawkins
(1996) provided a good overview. Steenhuis et al. (1995) showed that the SCS method
was based on the principles used in partial area hydrology and could predict the
contributing area (Hewlett and Hibbert, 1967, Dunne and Black, 1970). Hawkins{1993)
discussed determination of curve numbers from empirical data. Svoboda {(1991) used the
curve number concept to calculate the soil-water content and subsequently the rainfall
contribution to  direct runoff and groundwater. Hjelmfelt (1991) provided a
comprehensive discussion of the method, including the heritage of the method,
determination of curve numbers from rainfall-runoff data, and interpretation of
antecedent moisture conditions. Ritter and Gardner (1991) discussed application of the
SCS-CN method to watersheds located on reclaimed surface coal mines in Central
Pennsylvania. Mishra (2000) developed an SCS-CN based long-term hydrologic model
and applied to the data of three Indian catchments.,

The objective of this report is to review SCS-CN method, develop an SCS-CN
based runoff model for computing direct runoff that is routed using the single linear
reservoir technique, and apply the developed model to seventeen events of the Jhandoo

Nala watershed of Himalaya and seven events of 3F sub-zone watershed of Godavary.



SCS-CN METHOD

The SCS-CN method is based on the water balance equation and two fundamental
hypotheses. The first hypothesis states that the ratio of the actual amount of surface
runoff to the maximum potential runoff is equal to the ratio of the amount of actual
infiltration to the amount of the potential maximum retention. The second hypothesis
states that the amount of initial abstraction is some fraction of the potential maximum

retention. Expressed mathematically, the water balance equation and the two hypotheses,
respectively, are:

P=L+F+Q (1)
Q _F

P-L S @
L=2S 3)

where P= total rainfall; 1,= initial abstraction; F= cumulative infiltration excluding [; Q=
direct runoff; and S= potential maximum retention. The current version of the SCS-CN
method assumes A equal to 0.2 in routine applications and Mishra and Singh [1999a,b],
however, found it to vary in the range (0,%0). It is to note that P=0 leads to a trivial
solution of Eq. 2 for §, for I,=Q=F=0. Combination of Eqs. 1 and 2 leads to

_(P-1)
Q PLrs (4)

which is valid for P2l,, Q=0 otherwise. The relation between S and CN is expressed as

1000
S=——-10
CN ©)

Coupling of Eq. 4 with Eq. 3 yields
A (S/PY —[20+(1-A)CYS/P)+1-C=0 (6a)

which solves for S/P as

S _[+C(1-M)] \/C[C(l-l)’+ 4r]
p 23}

where C=Q/P. Since the term in the square root of numerator of Eq. 6 is always greater

than or equal {0 zero and is always less than the first bracketed term in numerator, S/P

(6)



will always be a non-negative quantity. For S/P=0, 42X(1-C)=0, therefore, either A=0 or
C=1. From Eq. 6a C=1 and, therefore, A=0 is invalid. Thus, for S/P=0 (or 8=0 if P is
taken to be a finite quantity), only '-' sign, as normally used, is valid in place of  sign in
the equation. Furthermore, for S=0, C=1 (or Q=P), implying that F=I.=0 (Eq. 1) under the
condition that A=0. Thus, I, is directly governed by S, consistent with the description of
McCuen (1982). Since S represents the potential maximum retention, I, should be
characterised as the potential amount of initial abstraction. Eq. 6a or Eq. 6b, however,
does not describe the range of A variation. These can be explained using I, as a descriptor
of 8§ [McCuen, 1982), in what follows [Mishra and Singh, 199%b].

Multiplication of Eq. 6 by 1 yields
[20+C(1-A)] - 4/CIC(1-A)* +44]
2A
where [, =I,/P. Eq. 7 can be utilised for describing the functional behaviour of SCS-CN

L= ™

method in C- I, -A space, for the reason that the variation of I, has a range of 0<]; <1 and
if 1,1, C=0. For the condition 0<T, <1, Eq. 7 yields A=0 and 0<C<1 and is valid for only

' sign before the square root in the numerator of Eq. 7 instead of ‘+' sign. The solution
of Eq. 7 for A yields
_ Cr,
1-d-n-0)
and A=0. Eq. 8 is also directly derivable from Eq. 4. In Eq. 8, if ;=1 or ([+C)— 1,

&

A—0. Eq. 8 yields prohibitive negative value of A [=-1/1-1.1)] for C approaching 1.Thus,
for A to be a non-negative value, the following should hold
I, + C<1 {92)

or, alternatively,

Q+L<P (9b)



As (I +C)—P or I, =(1-C) or (1-I;)C, I, /A or S/P—0 (Eq. 8), implying S—0 for P is
a finite quantity, as above, and A-»c0. Coupling of Eq. 9b with Eq. 1 yields F20 and
combination of Eq. 3 with Eq. 9b leads to

P-Q
Sg——=
A

implying that S< 5(P-Q) for 3=0.2. The definition of maximum difference of (P-Q)
(Mockus, 1964) (also described later) is a special case of A=0 or I;=0.

(10)

For an additional insight into the SCS-CN method, three specific cases are
considered. First, for an immediate ponding upon rainfall, an extreme case, I,=0.
Therefore, Eq. 4 reduces to
P’ P

s o) (1a)
or
QP=[1+ (5P T (11b)

If S and P are equal, then Q=0.5P, i.e., the volume of surface runoff is half of the rainfall

amount. Second, if I,=S, Eq. 4 reduces to

-8y
P

S i
Q= =P(I-F) (12)

If 8=P, Q=0, i.e., the entire rainfall is absorbed by the soil and consequently no surface
runoff volume is produced. Finally, if [,=P, then Q=0.



DERIVATION OF SCS-CN BASED RUNOFF METHOD

The SCS-CN method can be construed as an infiltration toss model [Ponce and
Hawkins, 1996]. Further analysis is to show analytically that the SCS-CN method, in
approximate form, is an infiltration loss model. To this end, the Mockus [1949] method
from which the SCS-CN method has been generalised is analysed. It is expressed
mathematically as
Q=p.[1-10°%] (13)
where P, is the effective rainfall (=P-I,) and b is a parameter. The basic underlying

concept of Bq. 13 [Mishra and Singh, 1999a] is given below:

dF
=_BF 14)
dP. ¢
where B=1/S = b-In(10). Assuming that P, grows lincarly with time t as below:
P.=iet (15)

where i, is a proportionality constant. Eq. 15 also asserts the general notion that P. grows
unbounded [Ponce and Hawkins, 1996]. Using first order finite difference (Ponce, 1989),
Eq. 14 can be re-written for a time interval At =t - 4 =123 ... as

EeioBe Bep,.,-P.) (16)

or, alternatively,
Fiu=F (1-BAP.) (17)
The concept underlying the SCS-CN method (Eq. 14) is analogous to the one employed

for deriving the popular Horton’s infiltration loss equation:

f=f,e" (18)
for the final infiltration rate f;=0. The basic concept underlying Eq. 18 is

af _ ¢ (19)
dt

where T is the infiltration rate, f, is the initial infiltration rate at time t =0, k is the decay
constant(T™). Eq. 19 can also be recast in the following form:
fi.1= £ (1 - kat) (20)



- Given the time interval At, the sumination of the left hand side and the right hand side
terms over time (t+1) leads to

Fia=F(l1-k At)+f At (21)
where F, is the cumulative infiltration at time t. Similarly, Fy; can be defined. Neglecting

the term fiAt in Eq. 21 leads to

Fr+1=F(1-kAt) 22)

Eq. 22 is comparable to Eq. 17 and the comparison leads to an important relation:
k
. =—t=LkSt 23
P=3 23)

which is the same equation as Eq. 15. This yields the proportionality constant

i=kS (24)
This, of course, is based on the assumption that P, grows linearly with time, The absence
of a term in Eq. 17 analogous to fiAt in Eq. 21 limits the applicability of Eq. 14 and, in
turn, the Mockus method (Eq. 13) to the time domain (t>0). Eq. 24 describes relationship
among the three proportionality constants and defincs Horton parameter k to be equal to
the ratio of the effective rainfall intensity, i, to the potential maximum retention, S,
implying that k increases as i, increases and decreases as S increases or CN decreases,
and vice versa also holds. Thus, k depends on the magnitude of effective rainfall intensity
and soil type, land use, hydrologic condition, antecedent moisture that affect S and it is
consistent, in general, with the description of Mein and Larson [1971]. Eq. 24 also
permits derivation of the time distribution of infiltration rate and the time distribution of
runoff from SCS-CN method. To this end, combining Eqgs. 1 and 2, the SCS-CN equation

is re-written for F as below:

P.S
F= 25
P15 (25)
Coupling of Eq. 23 with Eq. 25 lead to
Skt
= 26
(1+kt) (26)

Differentiating Eq. 26 with respect to t and considering F to include f, for generalisation

gives



Sk

f=pf +
(1+ k)’

27)

Since the quantity (Sk) is constant, which is also equal to i, the effective rainfall intensity
(Eq. 24), f decays with time. Analogous to the Horton equation Eq. 27 is also valid for i
> f,. Bq. 27 is the infiltration loss equation that is based on the SCS-CN method.

Similarly, the time distribution of the runoff hydrograph can be obtained as

follows. Eq. 4 is recast as

2

__Pe
Q=3 ey (28)

Replacing P, by (kSt) in Eq. 28 gives

_S&y”

Q= l+ky

(29)

For deriving incremental runoff, Eq. 29 can be differentiated as:

_SKFt@+kt)

(30
(1+kt) )
Multiplying Eq. 30 by the catchment area, A, gives the discharge q in the units, L*T™, as:

_ASKt2+kt)

(1+kt)2 G

Replacing kS By i, (Eq. 24) gives a more useful form of Eq. 31 as:

q=i. A(l- ) (32)

(1+kt)
which is a form of the continuity equation:

q=i.A-fA (33)
for £,=0. In other words, the runoff rate is equal to the effective rainfall rate minus the
rate of infiltration in volumetric units. Interpreted in hydrologic systems framework
[Singh, 1988], Eq. 32 represents the response of two elements arranged in parallel. One

of the elements is analogous to the reservoir (or storage element) underlying the rational

method and the other element is an absorber representing infiliration.

Eq. 32 can also be written in dimensionless form



. 1

=1- (34)
1 (1+k )
where q'=q/(i.A) = non-dimensional nmoff rate at time t and icA= potential runoff,
For f; greater than zero, q and q" can be derived substituting Eq. 27 into Eq. 33,
respectively, as
1
q=i. A(l-};- ) (35)
(1+kty
and
=1 -— (36)
Ytk

where Ay =f /i, = the ratio of final infiltration rate to the effective rainfall intensity,

Coupling of a Routing Mechanism with the Runoff Model

The runoff model (Eq. 35) is re-written written for convenience below:

|

='3A1')~'
1-i A Tk

) (35

where i is the effective rainfall intensity and q is the rainfall excess at time t, which is

routed to the outlet of the watershed using single linear reservoir, as follows:

Continuity equation:

Inflow — Outflow = Rate of change in storage (37a)
q -Q = AV/At (37b)
Storage equation:

V=KQ (38)

where V is the reservoir storage, K is the storage coefficient, At is the time interval, and
Q is the outflow or runoff at the outlet or the routed flow. Using finite difference scheme,

Q at different time steps can be computed as follows:



Qu=dig +ds Q, (39)

where Q is the routed runoff, q is the rainfall excess, J and J+1 are the time steps, and
1

d, = = 40
'UK/At+0.5 40)
K/At—0.5
_R/at—-vo 41
2 K/At+0.5 @n

10



STUDY WATERSHEDS

The developed model has been applied to the data of two watersheds: Jhandoo
Nala watershed and Godavary watershed, described below.

1. Jhandoo Nala Watershed

(i) Location

The Jhandoo Nala watershed is located in Dehradun district near Sahastradhara in
the Province of Uttar Pradesh (India) (Fig. 1). It is a sub-watershed of Kharawan-
Dhandaula mined watershed located near Sastradhara. The Kharawan-Dhandaula
watershed is 46 ha in area and has four sub-watersheds. This watershed is located
between 32°23° and 32°23'%" N latitude and between 78°7'4’ and 78°8’ E longitude, at a
distance of 14 km from Dehradun on Dehradun-Sahastradhara mettied road. This
watershed is surrounded by lime stone mines in the north, Baldi river in the south,
Sulphur spring in the east, and U.P. Forest Department Qutpost in the west. The rainfall
data were collected using a standard raingauge and a siphon type recording raingauge
installed near the outlet of the watershed and the runoff data were collected from
measurements on flume constructed at the outlet of the watershed. These data were used

by Katiyar (1997) in his Ph.D, dissertation and are used in this study.

This watershed has been disturbed by lime-stone quarrying for about 30 years.
The lime stone quarries at Mussoorie hills are located on very steep terrain. These mined
areas are producing huge amount of debris including big sized boulders, chemical
effluents and flash flows during monsoon season. This watershed used to produce
sediment at the rate of 550 tonnes per hactare per year before treatment activities were
taken up (Katiyar et al., 1987).

(ii) Physiography

The Jhandoo Nala watershed has an area of 17.7 hactares and ranges in elevation

from 870 m to 1310 m with a relief of 440 m. Jhandoo Nala runs from north to south in

11



NOTATIONS
~ WATERSHED BOUNDARY
o STREAM

() CONTOUR WITH ELEVATION

RAINGAUGE STATION

& RUNOFF GAUGING
SITE

FiG1. THE INDEX MAP OF JHANDOO NALA
WATERSHED
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the oblong shape. The average slope of the watershed is 60% for east aspect and 45% for
west aspect, with an overall average of 50%. The area comprises of exposed cut rock

surfaces, mine spoil/debris flows directly to Baldi river, a tributary of Ganges.

(iit) Climate

The watershed lies in sub-tropical zone. The average rainfall of the watershed is
2624 mm computed from the observed data from 1984-85 to 1993-94. The 88% of the
annual rainfall is recorded in monsoon period. May is the hottest month with average
maximum temperature of 38.2 °C and the average monthly minimum temperature, based
on December and January, of 3.6 °C. The wind velocity varies from 1.1. to 3.4 km per

hour.

(iv) Soils
Soils of the watershed vary from sandy loam to silty clay loam. The gravel
percentage of these soils vary from 30 to 80%. Soils are very loose {(porous) due to the

use of dynamic explosions for mining of lime stone.

(v) Land use
The watershed was dominated by forest before mining works started, converting
the major portion the watershed to a wasteland. About 0.76 ha land is now under

cultivation {rainfed), 8.35 ha is wasteland, and 8.60 ha is scrub of medium canopy.

2. 3F Sub-Zone Watershed of Godavary -

The 3F sub-zone watershed of lower Godavary river extends up to Bridge No.
807/1, as shown in Fig. 2. Sub-sone 3F of Godavary and its tributaries cover about 56%
of the total catchment area (=823.62 sq. km) of the main Godavary river. This sub-zone
covers the States of Maharashtra, Andhra Pradesh, and Orissa. It is spread between 17°
and 23° N latitudes and between 76° and 83° E longitudes in L-shape.

13
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The 3F sub-zone of lower Godavari falls mainly in humid region of India, Its
average rainfzll is of the order of 1300 mm. The main soil types of the watershed are red
loamy sand and black soil; 50% of the area of the watershed is covered by forest, 25% by
cultivated land, and the remaining 25% by barren land. The hourly rainfall and runoff
data available with the Central Water Commission, New Delhi, were compiled by Tyagi
et al. (1995) and these data are used in this study.

15



APPLICATION

a) Steps for Model Application

The methodology developed in the previous chapter is applied in the following

steps (illustrated in Fig. 3):

1.

Neglecting the initial abstraction, compute uniform rainfall intensity for the time
duration taken from zero. For example, if i), iz, i3, ....i, are the rainfall intensities in
mmv/hr, where 1, 2, 3 ...n. represent time steps at At time interval (hr). The uniform
rainfall intensity (i,) at the n™ time step will be
=01+ +i;+....+~i}/n (42)
Taking Sk = i,, compute infiltration rate f from Eq. 27 as follows:
i
f=f + (ITkonE-t)_z (43)

where fand f, are in mm/hr, and k is in hr'. If f > i, then f= i,

3. Compute rainfall excess q from continuity equation 33 as

q=0.—-f) A6 (44)
where A is the catchment area in sq. km and q in cumec. If g < 0, then Q = 0.

4. Assuming Qo = 0, Q, can be computed from Eq. 39 as

Qu=4d| gnt +d2 Quy (45)

where (}’s are in cumec.

5. Add baseflow, if any, to Q, for computing total outflow {cumec).

6. Repeat steps 1 through 5 for computing the total runoff,

-~

R N e o —>
[]

I

[t +———1g.

Fig. 3. Flow chart of the model.
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In Fig. 3, the actual rainfall is averaged for each time step for the reason of
uniform storm rainfall intensity (i) used in the SCS-CN-based infiltration model
(parameters: f, k). The computed ramfall excess (Q) is routed through a single reservoir
of K storage coefficient to obtain g, which when added to baseflow (Qpasenow) leads to

total flow (qiowy) at the outlet of the basin.
b) Details of Storm Events

The above model is applied to seventeen rainfall-runoff events of Jhandoo Nala
watershed and seven events of 3F Sub-zone watershed of Godavary river. The details of
the events along with the simulated results are given in Tables 1 and 2 for Jhandoo Nala
and 3F sub-zone watersheds, respectively, and the simulated results are depicted
graphically in Figs. 4 through 27. It is apparent from Table 1 and the corresponding Figs.
4 through 20 that the peak discharges of the events vary from 0.0455 to 0.4567 cumecs,
time to peak from 20 to 230 min, baseflow from 0.0013 to 0.1383 cumecs, and the time

base ranges between 180 and 360 min.
¢) Error Criterion

The model parameters were computed using Marquardt algorithm of least squares

using the criteria of standard error (SE) and coefficient of determination (%), as given

below:
SE= {3(Q, ~ Q)i AN-m+1) (46)
and
3@, -Q.)
R @7

YQ,-Q.)

=1

17
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where N is the number of ordinates in an event, | is an integer varying from 1 to N, m 13
the number of model parameters {=3 for the events of Jhandoo Nala watershed and 4 for
the 3F sub-zone watershed of Godavary), Qo is the obseved discharge, Q. is the computed
discharge, and Qn is the mean discharge. The higher values of SE and lower values of r*
show & poor fit whereas the lower values of SE and the higher values of 1* show that the
model fits well, The value of I varies on the scale of 0-1; 0 indicates that 2 mean model

fits better than the model proposed and 1 exhibits a perfect fit.
d) Computation of Model Parameters and Simulation Resuits

The computed model parameters the infiltration decay coefficient ‘k’, storage
coefficient K, and minimum infiltration rate f. range respectively from 7.83*107 to
1.02%107 min”', from 0.13 to 99.40 min, and from 0.0 to 1.45 cumec. Similarly, from
Table 2 and the corresponding Figs. 21 through 27 it is visible that the peak discharges of
the events vary from 255 to 1432 cumecs, time to peak from 8 to 11 hrs, baseflow from 0
to 47.34 cumecs, and the time base ranges betwceen 20 and 26 hrs. The computed model
parameters the infiltration decay coefficient ‘k’, storage coefficient K, and minimum
infiltration rate f, range respectively from 0.0573 to 0.2920 hr', from 3.89 to 8.82 hrs,
and from 0 to 1080 cumec. It is worth noting that the baseflow for the events of Table 2
was also optimised along with the above parameters. These parameters (Table 1) are
computed with standard error varying from 0.0031 to 0.0681 and r* varying from 0.3975
to 0.9782. Out of 17 events, 13 events are simulated with r? greater than 0.70, exhibiting
a reasonably good performance of the model. Similarly, from Table 2 it is apparent that 3
events yield r* > 0.7 and 5 events yield * > 0.6, showing reasonably good performance.
It is also visible from Tables 1 and 2 and Figs. 4 through 27 that the values of peak

discharge and time to peak discharges also, in general, fairly well. To show the model
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petformance a volumetric analysis of simulation results is also performed, in what

follows.

Table 3 shows the volumetric analysis for the events of Jhandoo Nala watershed.
It is apparent that infiltration forms a major component of rainfall-runoff simulation. This
is due to the soil of the watershed being highly porous because of dynamic explosions for
mining of lime stone, as indicated above. The direct runoff is computed subtracting the
baseflow from the total runoff. The deviation of the computed values of direct runoff,

total runoff, and mass balance from the observed ones is shown using relative error:
Relative error (%) = (observed — computed)* 100/observed (48)

The higher value of the relative error is indicative of greater deviation and vice versa. Its

0 value indicates a perfect fit.

Computation of infiltration, direct runoff, and mass balance of Tables 3 and 4 13
exemplified through Tables 5 and 6, respectively, for the event 3 of Jhandoo Nala
watershed and 3F sub-zone watershed of Godavary. It is apparent from Table 3 that the
values of relative errors for direct runoff range between —40.18 and 46.47%. Similarly,
the relative errors for total runoff computation range between -63.29 and 16.96% and
error in mass conservation range between —4.30 and 4.86%. It indicates that the total
runoff is simulated better than the direct runoff and the mass is conserved well in the
model simulation. Similarly, in the simulation of events of Godavary (Table 4), the direct
runoff and total runoff are simulated with the relative errors ranging from 0.42 to 65.02%
and from 0.42 to 17.85%, respectively. The mass is conserved with the errors ranging
from 0.56 to 7.00%, which is within the reasonable limit of tolerance. These errors are,
however, due to linear interpolation of the discharge ordinates in volume computation. It
is worth mentioning that relative errors may range from 0 to « depending on the extent of
fit and the amount of the observed variable. If the observed variable approaches zero, the

relative error approaches infinity. Thus, these errors are indicative of the model
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TABLE 5. AN EXAMPLE APPLICATION OF THE MODEL FOR EVENT 3
OF JHANDOO NALA WATERSHED

Time Rainfall | Infiltration | Baseflow Observed Computed
Total Direct |Total runoff | Direct runoff
runoff | runoff

mit mmv/hr mm/hr cumec cumec | cumec cumec cumec
10 1.8 1.8000; 0.0272 0.0272] 0.0000 0.0272 0.0000
20 4.2 42000] 0.0272] 00272 0.0000 0.0272 0.0000
30 12.0 12,0000 00272 00272 0.0000 0.0272 0.0000
40 15.0 149654 0.0272] 0.0272| 0.0000 0.0272 (.0000
50 30 30000, 0.0272 0.0272] 0.0000 0.0278 0.0006
60 4.2 420001 00272 0.0272] 0.0000 0.0276 0.0004
70 4.8 48000, 0.0272 0.0272] 0.0000 0.0275 0.0003
80 9.0 8.8917 0.02721 0.0272] 0.0000 0.0274 0.0002
90 24.0f 22.9098 0.0272| 00300 0.0028 0.0292 0.0020
100 6.0 59784 0.0272) 0.0455] 0.0183 0.0481 0.0209
110 12.0 11.4933 00272  0.0319] 0.0047 (.0408 0.0136
120 2701 25.2053 0.0272 0.0389; 0.0117 0.0450 0.0178
130 54,01 496852 00272 0.0690) 00418 0.0707 (.0435
140 3901 35.7483 0.02721  0.1760] 0.1488 0.1323 0.1051
150 12,00  11.1932; 00272 0.1230) 0.0958 0.1523 0.1251
160 6.0 §5.7532 0.0272] 0.1230[ 0.095%8 0.1211 0.0939
170 12.0 11,0476 0.0272] 0.0805; 0.0533 0.0912 0.0640
180 15.0 13,6233 00272 0.0805] 0.0533 0.0849 0.0577
190 9.0 82753 0.0272 0.0782| 0.0510 0.0886 0.0614
200 30 29985 0.0272 0.0747| 0.0475 0.0792 00520
210 0.0 0.0000[ 0.0272] 0.0690| 0.0418 0.0602 0.0330
220 0.0 0.0000( 0.0272] 00605 0.0333 0.0482 0.0210
230 0.0 0.0000| 00272 0.0605] 0.0333 0.0405 0.0133
240 0.0 0.00000 00272 0.0528: 0.0256 0.0356 0.0084
250 0.0 00000 00272 0.0477| 00205 (.0326 0.0054
260 0.0 0.0000| 0.0272 0.0433| 00161 0.0306 0.0034
270 0.0 0.0000, 0.0272 0.0400| 0.0128 0.0294 0.0022
280 0.0 0.0000] 0.0272| 0.0378] 0.0106 0.0286 0.0014
290 0.0 000000 0.0272f 0.0357| 0.0085 0.0281 0.0009
300 0.0 0.0000| 00272 0.0338] 0.0066 0.0278 0.0006
Sum (ordinates) 273.0] 257.7689) 0.B160 1.6499, 0.8339 1.5641 0.7481
Volume (mm) 4550 429615 2.7661 5.5929| 2.8268 5.3020 2.5359
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TABLE 6, AN EXAMPLE APPLICATION OF THE SCS-CN BASED MODEL
FOR EVENT 1 OF 3F SUB-ZONE WATERSHED OF GODAYARY

Time Rainfall | Infiltration | Baseflow Observed Computed
Total Direct Total Direct runoff
runoff | runoff Runoff

hr mm/hr mn/hr cumec cumec | cumec cumec cumec
l 0.09 0.09 6.64 60.00 53.36 6.64 0.00
2 1.56 1.34 6.64 60.00 53.36 6.64 0.00
3 1.75 1.24 6.64 60.00 53.36 18.26 11.62
F4 403 1.89 6.64 60.00 53.36 42 .44 35.80
5 2.99 1.34 6.64 70.00 63.36 145,72 139.08
6 6.24 1.99 6.64 70.00 63.36 200.05 193.41
7 2.83 1.06 6.64 300,000 293.36 377.47 370.83
8 2.56 0.93 6.64| 410,00 403.36 385.37 378.73
9 0.85 0.60 6.64| 600000 59336 384.17 377.53
10 2.27 0.78 6.64 480.00f 473.36 311.02 30438
11 1.72 0.68 6.64] 380.001 373.36 319.33 312.69
12 0.00 0.00 664 33000 32336 302.39 295,75
13 0.34 034 6.64| 22000 213.36 23498 228.34
14 0.00 0.00 6.64 160.00] 153.36 18294 176.30
15 0.00 0.00 6.64 110.00] 103.36 142,75 136.11
16 0.00 0.00 6.64 8§5.00 78.36 111.73 105.09
17 0.00 0.00 6.64 60.00 53.36 87.78 Bl.14
18 0.00 0.00 6.64 55000 4836 69.20 62.65
19 0.00 0.00 6.64 50.00 43.36 55.01 48.37
20 .00 0.00 6.64 50.00 43.36 43.98 37.34
21 0.00 0.00 6.64 40,00 33.36 35.47 28.83
22 0.00 0.00 6,64 35.00 28.36 28.90 22.26
23 0.00 0.00 6.64 30.00 23.36 23.83 17.19
24 0.00 0.00 6.64 25.00 18.36 19.91 13.27
25 0.00 0.00 6.64 15.00 8.36 16.89 10.25
Sum (ordinates) 27.23 12,27 166,00 3815.00| 3649.00 355298 3386.98
Volume {mm) 27.23 12.27 0.73 16.68 15.95 15.53 14.80
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performance to some extent only. For completeness, here it is in order to show the

variation of S (or CN) within a storm event, in what follows,
¢) Variation of Curve Number within an Event

The computation of potential maximum retention 8 and Curve Number (CN) is
shown in Table 7 for an example event 1 of Jhandoonala watershed. The computed CN-
values are rounded off to a near integer value. It is visible that as the time duration of the
storm increases, the S decreases and CN increases. The CN varies from 3-15. These
results are consistent with the comprehensive analysis of Mishra and Singh (2000)
describing the physical significance of S using infiltration data.
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TABLE 7. VARIATION OF 8 AND CN WITHIN AN ECAMPLE EVENT (EVENT
1 OF JHANDOO NALA WATERSHED)

Time | Observed | Cumulative | Uniform k S =ik | CN=25400/(S+254)
Rainfall | Rainfall Rainfall
Intensity, i,
(min)| (mm) (mm) | (mm/min) | (min") | (mm)
10 60 60 6.00i  0.000757] 7926 3
20 75.81 135.81 6.79]  0.000757] 8970 3
30 69.54 205.35 6.85 0.000757| 9042 3
40 24 229.35 5.73]  0.000757] 7574 3
50 9 238.35 4.771  0.000757] 6297 4
60} 9 247.35 4.12]  0.000757| 5446 4
70 7.8 255.15 3.65 0.000757] 4815 5
80 3 258.15 3.23] 0.0007571 4263 6
S0 1.2 259.35 2.88] 0.000757] 3807 6
100 1.2 260.55 2.61] 0.000757] 3442 7
110 36 264.15 2.40] 0.000757] 3172 7
120 3 267.15 2.231  0.000757] 2941 8
130 6 273.15 2.10|  0.000757] 2776 8
140 3 276.15 197  0.0007571 2606 9
150 24 278.55 1.86] 0.000757| 2453 9
160 2.4 280.95 1.76]  0.000757] 2320 10
170 24 283.35 1.67| 0.000757] 2202 10
180 1.8 285.15 1.58] 0.000757] 2093 11
19G 1.8 286.95 1.51]  0.000757 1995 11
200 1.2 288.15 1.4 0.000757 1903 12
210 3 291.15 1,39 0.000757 1831 12
220 1.8 292.95 1.33|  0.000757 1759 13
230 1.2 294.15 1.28| 0.000757 1689 13
240 1.2 295.35 1.23]  0.000757 1626 14
250 1.2 296.55 1.19{ 0.000757 1567 14
260 0.6 297.15 1.14] 0.000757 1510 14
270 0 297.15 1.10]  0.000757 1454 15
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CONCLUSION

An SCS-CN based short-term rainfall-runoff model was developed and applied to
the seventeen events of Jhandoo Nala watershed of Himalaya, affected by mining
activities, and seven events of 3F sub-zone watershed of river Godavary. The parameters
were computed employing the Marquardt algorithm of least squares using the standard
error and coefficient of determination criteria of minimising errors. The events of
Jhandoo Nala watershed yielded the standard errors varying from 0.0031 to 0.0681 and r°
from 0.3975 to 0.9782. Out of 17 events, 13 events were simulated with r* greater than
0.70, exhibiting a reasonably good performance of the model. Similarly, 3 events of 3F
sub-zone watershed yielded r* > 0.7 and 5 events yielded r* > 0.6, showing reasonably
good performance. The values of computed peak discharge and time to peak discharges
also, in general, matched closely with the observed ones. The volumetric analysis
supported by example applications exhibited encouraging results of simulation. The
major advantage of the developed model is that the mass is conserved almost fully,
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