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ABSTRACT

Many hydrologic analyses are made using discharge data of a
river at a site. Often these discharge values are obtained from stage
measurements. In order to compute the discharge from the stages a
rating curve is used. A rating curve is a steady-state relation between
the complex inter-relations of stages and discharges. When rating
curves are available one can go in for interpolation methods. Some
time physically sound rating curves may have to be established before
computation of discharge is taken up. Two computer programmes for
this purpose are given in this documentation.

In the case of use of available rating curves, a rating table
is prepared. This table consists of stage and discharge values. After
removal of data error in the table by finding first and second differ-
ences of the discharge values this table can be used as interpolating
table. The Hermition method, which provides a smooth curve taking
continuity of slope and curvature is used. A FORTRAN subroutine capable
of interpolating discharge values for given stage values has been
developed and documented.

For the establishment of rating curve from the measured dis-
charge and the corresponding water level, after data processing, the
available data is plotted on a simple graph and also on double loga-
rithmic paper. This helps in grouping the data and to find its suita-
bility for fitting simple curve. The grouped data is used to fit a
relationship of the following form Q = a (S-e)b where, Q is the dis-
charge, S 1is the stage and 'a','b','e' are parameters defining the

relation. The well known method fitting a curve is to minimise the




sum of squares of differences between observed and computed Q using
least squares criterion. Assuming a value of parameter 'e' and taking
logarithms of Q and (S-e) the parameters '‘a' and 'b' are found. For
different values of 'e' the method is repeated and various sets of
parameters 'a' and 'b' along with the sum of squares of departures
are found. The set having minimum of above departure can be taken
to define the relation. But a physical interpretation of the results
may suggest different set of parameters.

The stage and discharge déta is given as input to the programme
and it gives values of parameters'a' and 'b' using least squares method
Necessary flow charts, input specifications and sample output are
given in the documentation. Interpretation of the physical information
regarding the cross section for arriving at appropriate values of

parameters 'a' and 'b' of the rating curves are also provided.




1.0 INTRODUCTION

Many hydrologic analyses are made using discharge data of a
river at a site of interest. These data can be obtained by direct
measurements. In case of direct measurements the data can be acquired
at the expense of lot of labour and money. Sometime the observations
can not be made in the time interval in which they are required. Hence
alternative ways are deviced to obtain the necessary information .
One of the way is to go in for measurement of water level at the
required time interval which is easier and to compute the discharges
from them. The computations are achieved through the use of rating
curve which depicts an approximate relationship between the discharge
and the stage.

While computing discharges at hourly interval from stage measure-
ments at that interval for Narmada flood studies three different cases
were categorised as follows:

1l Use of interpolation technique along with available(supplied
by (the .concerned field organisations) rating curves.

2 Extension of rating curve using conveyance analysis.

3 Establishment of rating curve using observed stage and corres-
ponding discharge values together with a physical analysis.

Computer programs have been developed for dealing with the case 1 and

case 3 and they are described in this documentation.




2.0 PURPOSE OF THE PROGRAM

2.1 Case 1 Interpolation

The discharge computation for a given stage is achieved by comput-
ing the particular intermediate value given by the rating table with
little extrapolation if necessary. The rating table is a representation
of the rating curve in a discrete form. The interpolation employed
should provide smooth values(that is if plotted should form a continuous
smooth curve). With this object an interpolation technique of Hermitian

type(3) was used and a computer program was developed.

2.2 Case 3 Establishment of Rating Curve

The observed discharges and corresponding water stages provide
the valuable information about the relationship between them. This
relationship is represented in mathematical form for easy use in models.
This functional representation can be developed using least squares
techniques. The computer program developed for this purpose uses number
of pairs of stage and discharge measurements of a particular site as

input data and provide the mathematical form of the rating curve.




3.0 METHOD USED

3.1 Interpolation
Preparation of rating table:

Direct values of stage and corresponding discharge are read
out from the rating curve at an equal interval of stage values. These
values form the raw rating table. Smoothening of table is undertaken
to remove off the possible error that would have entered in while reading
the rating curve causing a deviation in the monotonic character of
the relation. This is done by preparing a difference table of discharge
values and adjustments are made by adding or subtracting certain small
quantity to /from the discharge values so that the difference in disch-
arge increases steadily with increase in stage. (There may be cases
when the second difference is constant for one or two continuous inter-
vals,This is acceptable).

Hermition Interpolation

In order to have a smooth continuous function the interpolaotion
used here takes not only the rate of change of discharge with respect
to stage(first difference) but also the rate of change of this change
(second difference) into account. This type of interpolation is known

as Hermitian (3)

< Establishment of Rating Curve
The observed discharge and corresponding stage values are basic

data used. Before using computer program a sample graphical analysis




is essential.

3.2.1 Simple graphical analysis

The stage and discharge data is plotted on a simple graph sheet.
This is done with two objectives(1) to identify obviously erronocus
dat; pairs which plot much away from the general trend of the scattered
points,(2) to diagnose whéther a single curve would be alright or
to go in for more number of curves. If it is diagnosed that two or
more curves are needed, the data are approkimately grouped so that
each group will form a single curve. In the data seperated for a
single curve the identified obvious errors are removed. Moreover the

same set of observations should be repeated in' the data used for

computer analysis.

3.2.2 Lease sqguares technique
The following form of the equation is used
Q=a (G-e)b s ate (1)
where

G is the gauge height in (m) with respect to a datum

Q is the discharge in (m3/sec)

a,b and e are parameters defining the relationship.

An initial value of 'e' approximately equal. to the zero of
gauge of the site under consideration is assumed, thus reducing number
of unknowns to two ('a','b') parameters.

The currently approved analytical method of fitting curves

to scattered points is to minimise(R)the sum of square of departures

KDQ)iz(Qi_Qc),where Qi refers to the scattered data and Qc refers to

the calculated value by eguation 1. This equation can be written




in the form

log Q0 = log a + b log (G-e) cisran (2]

which is equivalent to
=3 G ' s i
bi a+béG, (3)

Let there be N pairs of stage and discharge and the logarithmic
values of (G-e) of each of them represented by Ei and Qi by bi' In
L 2
order that the curve given by 1 or 3 may have minimum of E(DQ)i, all part-

ial derivaties of this sum with respect to the parameters a,b.

SN 2
Z (D Q.) vl b W)
‘ )
i=1
d R/ a=0o0 s b)Y
dR/3b=0 ...(4c)

The equations 4a, b and c lead to the following

g N N =
Na+bEE = 3 % =os (Bl

g igTEi+b 2 .g Q. G, : vewl(5b)
These two equations 5a and 5b form the simultaneous equations to solve
for @ and b, and 3 can be converted to a by antilogarithms.

For different values of 'e!' different sets of parameters a,b
are obtained. The value of 'e' are varied by desired increments. For
each of the value 'e' different sets of parameters are computed along
with their respective sum of squares of departures (i.e.,fuﬂction
R). After a number of trials the set of parameters which produce the
minimum value of R can be chosen as the parameters providing best fit.

The computer program (LSF) does these computations and tabulates
all the sets of values of parameters obtained in trials along with

corresponding value of function R. The program also calculates Error

and Shifts as given by Error =[ﬁb— Qc I x 100

it




shift = Si - (Stage calculated for the Qi from fitted relation)

These are tabulated in the order of magnitude of discharge and
in the sequence of observations. If these values are random, they indi-
cate no systematic error is present in grouping of the data. In case
of any systematic error a different grouping of data is to be done

and different rating curve equations are obtained for each.

3.2.3 Physical reasoning

From among the tabulated parameters and corresponding values
of R the best curve may not be the one chosen by computer based on
least value of R from the point of view of physically realistic values
of parameters. One may have to go in for the second best or third best
depending upon the parameter values being physically realistic as expl-
ained in section 5.2.

This choice is done by‘judmmmntUSing computer results

and range of parameter values obtained by physical analysis.



4.0 COMPUTER PRCGRAMME

4.1 Interpolation IﬁTPOL

The computer proéram INTPOL is capable of interpolating from
a given equal interval table. It picks up the interval in which the
specified node lines. However, it setec the interval not to be lesser
than the second and not to be greater than the last but one interval.
In other words it finds the value of J which will never be less than
2 or greater than N-1 where N is the length of the table, since the
interpolation method uses second difference also. If X is the specified
node and S(J) and Q(J) are the table values,then the ordinate to be

computed ¥, will be

Y = g(g) + X8 [ogi1y-005-1) ]
2H

+Hx-5(3)) %[ -_C2L1+1)—2Q(§)+Q(j-”]
28*

where H is the equal interval of the table.

4.1 Least Squares Fit (LSF)

The computer programme LSF is capable of giving a rating analysis.

The program takes daily gauge eand discharge values together with dates.
The program needs an initial value of 'e' as specified in the input.
It accepts a maximum of 30 iterations. Applying least squares technique
it finds the two parameters of equation 1 for each of the initerations

and stores them. The program prints the parameters and the corresponding

sum of squared errors and picks up those parameters for which the error

7




is minimum and prints them. The table of stage,discharge observed and
also as calculated using the aPOV€ picked parameters are printed. The

'shifts' and the Error as explained are also calculated and printed.




5.0 INPUT SPECIFICATION

el INTPOL ( Program for interpolation)

This is a subroutine requiring a table of stage and discharge
(rating table).

converted to discharge.

values of stage, discharge and also the original rating table to the

calling program.

Also required is the value of

stage which is to be

call of this subroutine provides back the

512 LSF ( Program for least square fit)
SNo. Name Description Format
1 SNA(TI) Station name 30A1
2 IWRIT Index '1' cause Free format
to write all the
tables as per text
Other values cause
to print only
coefficients.
3 HD(1) initial guess of'g" Free format
DHD increment of trial
NIT Number of trials
N Number of pairs in
in the stage &
discharge.
4 H,Q,DATE Stage,discharge and Free format
date respectively
N sets of values.




5.3 Output Specification

5.3.1 INTPOL (Program for interpolation)
The output of this subroutine goes into the calling program.
The computed discharge, the stage and the rating table are sent back

to the calling program.

5.3.2 LSF ( Program for least square fit)

'. The name of the site is printed as read by the program.

2.A table of trials and error.

3. A table of coefficients found in each one of the trials.

4.Best set of parameter as per Mathematical Criteria.
If IWRIT is equal to 1 the following are also printed.

5. A table of stage, observed and computed discharge.

6. A table of stage, discharge, Error,shift in its time sequence
(as given).

7. A table of stage, discharge, Error and shift in the order

of magnitude of discharge.




EXAMPLE CALCULATION

INTPOL

SITE : GADARWARA

RIVER : SHAKKAR

STAGE (m) Q (m3/s) Q 2Q
1 2 3
323.0 10
40
323.5 50 30
70
324.0 120 35
105
324.5 225 35
140
325.0 365 40
180
325.5 545 45
225
’ 326.0 770 55
I 280
326.5 1050 55
335
327.0 1385 60
| 395
| 327.5 1780 85
480
328.0 2260

DIFFERENCE TABLE




RATING TABLE

SITE : GADARWARA

RIVER : SHAKKAR

YEAR : 1979
S.No. Stage Discharge (Cumecs)
1. 323.0 10

2. 323.5

50




6.2 Example calculation (for Program LSF)

Physical Analysis and Related Calculations
The rating analysis should be verified by physical analysis,

Each item of equation(1) can be explained as follows:

Manning's equation as a basis:
The physical analysis is based on Manning equation.

Ak
gis = AR2/3 S1/2

ese (2)
where,
Q is discharge in cumecs
n is Manning's coefficient
A 1is wetted cross sectional area in sq.m.
R is hydraulic radius.
S is engery slope.
A rating that follows manning's equation will plot as a straight
line on a logarithmic paper since the equation(2) is of the form
0 ==aHb
Taking logarithms on both the sides
Log Q = Log a + b Log H
where,
H = G-e
G is the gauge height
e is the effective zero flow

If R is approximately taken equal to H the equation 3 turns

out to be

13




Log Q = Log-% AR2/351/2

1 AHZ/JST/Z

= Log—
= Log —; WHH2/3 81/2
1/2 5/3
+
5 Log _% WS Log H

Log a + b Log H

The parameter 'a'
The parameter a is approximated by
1 1/2

a=— WS
n

The Manning®’s 'n'

This is estimated from photographs/site visits, or by experience.
Generally n will vary with depth for unsteady flow. But for rating
analysis a single value is adopted. A wide range of values are expected.
The value varies from 0.017 for alluvial stream with no vegetation
to 0.05 for mountain stream with rocky beds with vegetation on the
bank.

The width 'w'

The width varies with stage. However, this is determined at
approximately mean annual flood. This is surface width.

The slope 'S'

This is computed from topographic map. The bottom slope is often
irregqular. The slope used here is effective slope sustaining the flow.
One easy measure could be water surface slope at low flow or peak flow.

The parameter'b’

This is often approximated to5/3or slightly more. Actually this
parameter depends on the side slope of the channel. The hydraulic
radius'R' seldom equals the depth 'H'. For trapezoidal channel the
igcrease in area as a result of increase in width as stage rises,causes

14



the discharge 'Q' to increase rapidly than for a rectangular section.In
this case 'b' varies from 1.67 to 1.9. For parabolic channels 'b' is
approximated to 2. For a triangular channel 'b' equals 2.5. Most of
the natural channel sections vary between trapezoidal to parabolic
in shape.

The parameter 'e'

This is a level by which the elevations(water level) are to
be reduced. This represents an effective zero flow. Approximately this
is equal to zero of gauge of the site. Estimation can be made by

e =G -3/ (W + 20/W)
for a mean annual flow.

Log Plots:

As the next analysis, plotting of daily stage discharge pairs
are taken up.

A smooth curve is drawn by visual estimation on rectangular
coordinate system after plotting Q and H. Three values of discharges
Q1,Q2 and Q3 are selected from the smooth curve drawn, such that Qif Q 1Q -
If the corresponding values of the stages are Hi' H2 and H3 the equation

(1) will yield

Sl
H1H3 H2
e =-—
Hi+Hy - 2H,

Now plotting on Log-Log scale is taken up. The gauge height
is shifted by a depth 'e'. Now the shifts in 'e' on Log Log scale are
in easy control. Choose a ser;es of measurements from a peak as high
as possible downward on a recession. Plot measurements sequentially
as long as they form a smooth curve. Stop when a group of measurements

begins to depart consistently from the curve. Draw in the trend line

with a curve. By trial and error determine the change in shift required

15




to obtain a straight line rating (A e). Lower discharge measurements
may not fit the curve if a section control exists for lower stages,
similarly higher discharge may not fit if over bank flow exists or
if a back water condition is caused by a downstream constriction. A
single rating can be adopted over that range of flow where similar
section control do exist. The coefficients of the equation are determined

as follows:
1.The gauge height required to straighten the curve determines

1ot

2. The discharge for the gauge height (G-e=1) is equal to 'a'.
3. p = "9 9 - Log Q,

Log(G1—eJ = Log(G2 -e)

where Q1 is greater Q2

6.3 Application of physical analysis

Site: Mandeleshwar of the river Narmada

Width(w) = 600 M - 650 M (Figure 1 & 2)
Slope(S) = 0.00046
SVZ = 0.0215
1/2 ;
S = appraximatel
PP12§ Y
- WS -
a = n = 400

a {s in the range of 400 to 450
Effective zero flow - 138.7 to 139.0
br="1.7 to 1.8
Rating analysis:
A plot in rectangular coordinates is enclosed. The point marked

© are removed from the analysis and rest of the daily gauge & discharge

were fed to LSF.FOR The results are enclosed.
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ESTIMATION OF PARAMETERS FROM LOG LOG PLOT

b =log Ql_ log Q,

log (G1 -e )-1og(G2—e}
(From Figure 3 )

G.,= 148.0 G, = 16,000

—_
—_
I

G,= 141.2 G

1300

= log 16000 - log 1900

log(148-138.8)—log(141.2-138.8)

4.20412- 3.11394
+ 963787 - 0.3

=1.868
a = 400
e = 139
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7.0

APPLICATION OF THE PROGRAMME

Sample Input (LSF)

¥aulat

~

142,52

142,28

143,59

142,33

147,32

14: a7

T

143,73

144,84

147.5¢

147,23

m
LA

4711,

AL
PG

2274,

1o
n
-

1T
A .

I At

y dir by o
Atdwh

= -
=
>
n

fomm
24,2778

i v |
204775

{8 Aamg
PE LR
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7.2 Sample Output

weme of the sike EANDRALECSHNAR

- iy ol SR VI f FRA R &gy
Tenle of fetos U8 Suw of Beucies of Sreaps and

4 o . e -
EoDATUM St UF SRHARTE Sy Bl AT nD !
¢ TReS - = oa

: IF EREORE CORRILATION !

[ 13E.30¢ 4517 5,597 *Tf !
RE LT Quiian none
¢ 138,740 R %rEES ]
L 4082 2 .00 8
{138,900 !
LI AR AN §

0
»
103 A0 4 aTa
PR s Fn
147 3 + AR
a3 ronL B
~ -
2033 1,888
~im a3
252788 1+822
2 1 709
by $JAR a Avi i
T ran e
17,1 137.0%¢ i
213 130 47 T
348,212 135 166 1728
b 470 1 4 ioT
’SJ—?&I' ;u?u.ﬁ 2T
17 E L
419, 8 139, 3400 i
A v
4(¢»uJ 139200 b2l




8.0 RECOMMENDATIONS

A combined analysis of the river cross-section and flow data
provides wuseful physical basis for development of rating curves.
Two programmes for specific cases of development/use of rating curves
have been described above. The Hermitian interpolation is found to
be the best suited for interpolation using available rating curves.
The LSF progoramme along with physical analysis provides a useful

method for the establishment of rating curves.
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APPENDIX I

THE PROGRAMME LSF AND INTPOL

[ READ TITLE ,

READ DAILY GAUGE AND
DISCHARGE TOGETHER
WITH DATE

APPLY LEAST SQUARE
TECHNIQUES WITH
PRESENT 'e'STORE
PARAMETERS SUM OF

SQUARED ERROR
CORRELATION COEFFICIENTS

CHOOSE PARAMETERS
FOR WHICH ERROR
IS MINIMUM

FIND SHIFT
ERROR IN
DISCHARGE

TABULATE PARAMETER
TOGETHER WITH COEFF|

CORRELATION §S,Q Agj

WRITE S AND Q
IN SEQUENCE

CHECK ITERATIONS
ARE

ARRANGE THE SERIES
IN ORDER OF MAGNITUDE
AND WRITE

END

NO
‘ INCREMENT'e'tJ
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125 FORMATLSS THE TABLE Id THE CRDER OF HacRITVIE .
CUHE=D, 0

154 CHbk=1.0
a0 {25 Isda¥
IF UTAﬁléu LATLEHOOBR TO 128

(& ~ VR - 2
it ':ﬂ'\‘»l'l -t

K=t
150 COMY LM

CUKE=ERTL TSR, TR 000000 1T

WRITE(S 1281 15+ DATEINK) a4 LY sOCAY TEAs TN

1sCUNE
128 FORMAT( T ISt haF 7 SatiaF T Da Dl FE M 3
BCAITSAIN =0, 0

Je=1841
IFCISLEHICETS 334
WRITE{9: 15!

AELL e d e FR 21

155 FORMATOI0M 210 L A #Enﬁ'lﬂﬁﬂ“EPG'iffA“tﬂ
v =%

URITE LS ASACERRLT Y - f?“. 1satT
154 FORMATLL0%: "% »FB.4sl S.ﬁaﬂi."ﬂ
WRITE(R:137.
157 FORBRTOIN3AL 4 00
s1ar
£ND

I-4/6

3,20




PROGRAM INTPOL

FLOW CHART

Cm )

g

PASS,S(J),Q(J)
X,N
TO INTPOL

SET THE J NOT
LESS THAN 2
and GREATER

THAN N-1

|

; |

FIND THE INTERVAL(
IN WHICH X LIES
IN TABLE BY
INCREMENTING J.

[

FIND

Yy = Q(J) + x—'-g—fl‘ll x [ Q(3+1)-0(3-1) ]

2
+ X-8(3) [ Q(T+1)-2Q(3)+Q(J=1) ]
282
[ RETURN

CHECK ALL
NECESSARY COMPUTATION
ARE OVER




FERRRRYRERERRNL
[ {3 U .
pERTARRSREYRALS]

2344 0A4A 2 08ssadtssashat i i b beasiada s RARARARARISARASRALAIZSLIIZAR SR
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ST SIetr it s hesssadsasat i kIbRRIsAIGRRRRARIRIRRARSSETIRARLIRRSSRERSAR LRSS

SUBRIMITINE INTROL ( 8 2 @ s X s ¥ s N 1

THIS SUBRRUYIME IS MENT FOR UEE RITH RATUMS TARLE

10 CALCLATE DYRCHARGES BROM STAGRR,

THE COMPUTATION USEX HERMUTIUN (NTERPOLATION,

Srvveer RATINGTABLE UARIARLE SYARE,

@rrerrr RATHGTARLE UAR(ARLE RINCHARGE,

S50 SHOULDR BE RMENSYONFR TR 4 UALUE GREATFR THAN DR FOUAL 50

THE VALUE OF N DEFIMER SRLOM,

Xovvers SINGLE VALUF OF GTAGE FOR MHXCH RISCHARRE Y8 NFEDFIL

Yorersr SINGLE VALUE OF DRISCHARGE CUMPUTER Fup THY STAGt.

Novesso THE LENGTH (F THF ROTYNG YAREE (THE MBIRER DF PAYRR OF
SYAGE AND DINCHARGE

SysXsM ARE SUPP! 1ED FROM THE CALLING PROGRAK,

RIMENGON SN & RIND
Y={1}

IF(X.ER.S1) RETURN
IFCLAES(20) B0 10 2
IF(RIMHTELT. BB TR 2
g0 T 2

J=H1

IFCJEQM-1) GO TR 2
G0 Ti 4

H=8{,H11-8( 0}

PR=(4-S(. I/

=R PA72, IRIREHTI-0LS=1 1 14 (POERG/7, JRIRCHTI-2, 3004111

RETURN

ENR
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