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ABSTRACT. There are different types of network of stream gauging stations such as minimum, saturation
and optimum network. In many cases, the network design was done purely from the point of view of meeting
a specific purpose. Those stations are continued thereafter to form part of national network.

In this paper the physical-statistical method combined with the zonal characteristics approach is applied to
Krishna basin whichis one of the principal river basins of India. The stream gauge network in Krishna
basin is arrived at by considering the criterion of reliability of interpolation of stream flow data at intermediate
locations and examination of its adequacy for long term and short term fequitements. Stream gauge network
of Krishna basin has been evolved for different sets of conditions of variabhity and relative errors in this paper.

1. Imtroduction

There are different types of network of stream
gauging stations such as minimum, saturation and
optimum network etc. In many cases, the net-
work design has been done purely from the point
of meeting a specific purpose. If such stations
are continued thereafter, they become part of a
pational network. Primarily, however, there is
what is called a basic network or key network to
gatisfy the following requirements for general water
resources assessmert :

(1) To estimate the total water resources in a
river basin with a given degree of accu-
racy.

(2) To ensure reliable areal interpolation of
runoff data at intermediate location.

(3) In general, to design a network which
can estimate runoff at any required point
with the same errors as those of measure-
ment of stream flow data.

For this purpose, the‘zonal characteristics ap-
proach is adopted in which the catchment is divi-
ded into various zones based on similarity of
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climate, topography etc. These are then treated
as homogeneous areas, and network norms are
derived for each of such zones.

In the present paper, an approach to the deter-
mination of stream gauge network in Krishna basin
has been presented taking into consideration the
criterion of reliability of interpolation of stream
flow data at intermediate locations and examina
tion of its adequacy for long term and short term
requirements in respect of water resources assess-
ment,

Studies for determining optimum density of
hydrometric network in general and stream
gauging network in particular are not extensive in
many countries including India. There is con-
fusion as to what is network design. Is it determi-
nation of the number of observational sites or is
it the determination of their locations on the
stream? And finally. what is the method that
gives a correct answer when a variety of require-
ments are to be fulfilled? Due to lack of scientific
norms, many network densities were being decided
on empirical and subjective considerations. In
India too, a uniform procedure for determina-
tion of basic network does not seem to have evol-
ved, The Indian Standards Institution (ISI)
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TABLE 1

Table showing parameters computed for climatic classification

Annu

al 0.44xt-8.5 z/2 (0.440)-3 (0.44x1)-14

S. mean =g
No. Name of station lem)p. 2 2
(1)
CF) Ce) °r) (°r) (°r)
Andhra Pradesh
1 Hyderabad 76.1 25.0 -5 13.2 97
2 Khammam 79.2 26.3 13.2 15.9 10.4
3 Kurnool 78.1 25.9 13.0 15.7 10,2
4 Rentachintala 80.6 27.0 13.5 16.2 10.7
Mysore
1 Belehennur 68.7 21.7 10.9 13.6 3.1
2 Bellary T7.4 25 6 12.8 155 10.0
3 Bijapur 74.8 24 .4 12,2 15.0 9.5
4 Chitradurga 73.6 23.9 12.0 14.7 9.2
5 Gadag 743 24.2 12.1 14.8 9.3
6 Gulbarga 76.8 25.3 12.7 15.4 9.9
7 Raichur 77.9 25.8 12. 15.6 10.1
8 Shimoga 72.0 23.2 11.6 14.3 8.8
9 Belgaum "2 22.8 11.4 14.2 8.7
Maharashtra
1 Mahabaleshwar 65.7 20.4 10.2 13.0 7.5
2 Poona T1.4 229 11.5 14.2 8.7
3 Sholapur 75.9 24.9 12.3 15.2 9.7
4 Jeur 73.8 24.0 12.0 14.7 9.2
5 Kolhapur 721 23.2 11.6 14.4 8.9
6 Miraj 72.9 23.5 11.8 14.5 9.0

committee on stream gauging methods has recently
brought this problem into light by inquiring as
to what methods or techniques could be applied
to Indian catchments which will enable us to evolve
norms keeping in view the WMO guidelines on
network design. In a recent study of hydrolo-
gical network in India, it was stated by Gole (1978)
that the WMO norms relate essentially to virgin
flows and pre-development flows.

The Krishna basin was selected for the study
since a committee of engineers had gone in detail
into the network requirements for water resources
assessment. This committee after examining the
rainfall, climatological and flow characteristics,
recommended a network of 76 stream gauges in
1962 for the whole basin. This works out to a
density of one stream gauge for 3400 sq km.

Apart from the methods described in the Quebec
Symposium (1965), a collection of case studies on
network design is given in WMO Note No. 324
(1972).

Three types of errors are possible in the estimate
of average flow at a point on a stream. They
are :

(1 Interpolation errors

2) Sampling errors
(3) Measurement errors

The present study considers the first two aspects
of above and the general principles adopted are
as given below :

(a) Determination of a minimum area which
is not subject to further interpolation,

(b) Consideration of linear gradient in mean
annual runoff,

(¢) Correlation of annual flows per unit dis-
tance between centres of drainage areas.

Quantitative limits can be ascribed to the above
factors depending upon the accuracy desired.
After this is done, an optimum size of the gauging
area per station is computed which will lie in bets
ween the gradient and correlation functions as
suggested by Karasev (1968).

This method while determining the hasic required
network, stipulates the level of errors and varia-
bilities for which the network is valid. The
regional approach, in which the catchment could
be divided into zones of similar climatic charac-
teristics peculiar to the basin, is used for delineat-
ing those areas. The Koppen’s classification limits

are applied to the Krishna basin which is the study
presented here.

2. Zonal characteristics of Krishna basin reference to climate

Of the many elements it is widely accepted that
temperature and rainfall can describe the climats
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Fig. 1. Climatic classification of Krishna basin
( Scale 1”7 = 20 Miles)

at a place because temperature denotes heat and
rainfall the availability of water which influence
life on the earth. Koppen’s climatic classi-
fication is used because of its simplicity, since
parameters rainfall and temperature are easily
available for many years,

The Krishna basin has a total area of 2,59,000
sq km and a small portion of this lies in the
Western Ghats. The length of the stream is 1093
km and it has a present density of 38 stream gaug-
Ing stations. The average annual rainfall in this
basin is 868 mm and has a range of 576 mm to
1227 mm. Most of the areas have annual rain-
fall in the neighbourhood of 800-900 mm. The
Krishna basin falls in a rather low coefficient of
variation of annual rainfall and lies between 25 to
30 %. The monthly rainfall and temperature
data for 19 stations in Krishna basin collected
from India Meteorological Department is con-
sidered in this study tor working out the quantita-
tive limits of climat.c classification in the catche
ment. The stream flow used in this study pertains
generally to a period from 1960-1970 and in
some cases upto 1973, The annual runoff totals
at different gauge sites are used for the computa-
tion,

The parameters used for dividing the catch-
ment into similar climatic zones, as per Koppen’s
classification are given in Table 1. From the
limiting values of Koppan’s it can be seen that the
Krishna basin falls broadly into two climatic zones.
They are : (a) Tropical rainy with dry season (AW),
(b) Warm temperature rainy (CW).

These delineations are shown in the map of
Krishna basin at Fig. 1. There are three variables
which can be used to supplement the above class-
fication, for determining homogeneity :

(i) Uniformity of spatial variation of rainfall
in the area.

(#i) The distribution of coefficient of variation
of rainfall.

(iii) The gradients of stream flow along the
river.

As already mentioned the entire Krishna basin
has a range of coefficient of variation of annual
rainfall between 25% to 30% and hence the area
is not prone to very large year to year fluctuations
of rainfall. In so far as the spatial uniformity
of rainfall is concerned, excepting in fwo small
areas, the normal rainfall in the AW zone of the
catchment varies from 800 to 900 mm annually.
Regarding the third condition the stream gauge
network design appears to be quite sensitive to the
value of the stream flow gradient chosen. The
actual variation of stream flow with distance in
Krishna catchment is plotted and is shown in Fig 2,
It may be noticed from the figure that stream flow
gradient is constant upto a certain distance and
beyond this it becomes variable. The detailed
study of these fluctuations beyond this point does
not form part of the present study and the portion
of Krishna basin, which has uniform gradient of
flow, i.e., the area from Karad to Maruakonda, is
chosen. The study of network design, therefore,
is confined to the following homogeneity criteria,
viz, (a) The tropical rainy zone, (b) Spatially uni-
form variation of rainfall (c) Uniform gradients
of stream flow.

With these, it is assumed that the area of study
satisfies the condition of homogeneity both metero-
logically and physiographically. However, there
is still considerable uncertainty as to what consti-
tutes homogeneous regions and as yet it has not
been possible to parameterise the various difinitions
on homogeneity.

3. Application of physical-statistical method of stream
gauge network design to Krishna basin

The areal distribution of run-off Q, may be
taken to be made up of two components, one is
the normal runoff and the other is the deviation
from normal.

It can be expressed as 3

0.4 = Ee + Zs (1)

where O, is a long term average runoff of N
years at e'* observational point, and Z,; is
the deviation from the normal runoff in jt* year
and at e'h observationa! point. The principle of
hydrological regionalisation is applied to bring the
stream flow field to homogeneous conditions.
For each such hydrological region, values of long
term average runoff Q,, at observational points,
co-efficient of variation of runoff, C,’s are re-

quired to be computed. The dispersion of annual
stream flow is given by :

N
1 ok
c" - FZ ( Qc.-J a8 Qe )’
f—=1

(C. 0,)* ~ const. (2)
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where C, is the coefficient of variation of run-
off. Let us consider the first term of expression
(1), which gives normal runoff. The variation of
normal runoff over the whole area is characteri-
sed by the stream flow gradient :

s e W .
Grad (0) = 0/ = (@) 3
The relative gradient can be written as
Grad, (7) = & ()
m
Where, m = 0.5(Q. + Qc42)

and S is the distance between the watershed cen-
tres.

Now consider the second term of expression
(1), the correlation function can be expressed
as

N
re (S) — jflze‘j . ze-i $3)

(%)
Nac . 0.+‘
where o, and o,}, are standard deviations
at two stations separated by a distance S,
)
G‘.O,:_:r.

where, C,(S) is the co-variance term
C, (5)

(Ce Q)

in Eqn. (2), 1. e., 0, = €44,

rg (S) = in view of assumption

re (S) can also be expressed as
rg (S)=1—a.S (6)

where, a = 1/5,: 8, 1is the radius of corre-
lation at which the correlation function has the
zero value. From values of », (S)and S, the value
of S, is determined.

For the reliability of stream flow data, two
conditions are given corresponding to two terms
of expression (1)

(i) The criterion with regard to spatial va-

riation of normal stream flows.

(ii) The criterion on interpolition Of stream
flow d:ta at intermediate points for an
individual year.

The above two conditions represent the two
terms in the RHS of Egn. (1), thus satisfving
it.

3.1. Gradient criterion

The first criterion corresponds to the determi-
nation of the confidence interval for the esti-
mation of normal stream flow at the mid-point of
the distance between the centres of the two re-
gions,

RAO et al.

The error for the estimation of normal stream
flow at the midpoint is given by :

|\l — —_—
s ..l Qerai + Qi Dot + Qe 12
n|:-:~.n— F&—-{ 2 2
i=1
l l 2 9 | | ]
= | e LI V- . P )
a3
- — [ 1+r,] (7

in view of assumption in Eqn. (2). Confidence in-

terval at P=0.25 a2ssuming normal distribution is
1- %4 ?..’_I_J.'f
Y VE N

1:96 Gy

V2 &N

196 ;

= \'TT_?_: g L) {8)

'\‘f 1 "I"—ra Qe

where o is the relative error and & is the number
of vears of record.

_The condition of sufficiency of strram flow gra-
dient between two observational points is given
by :

2820,
= —T
Ser 2 grad (Q) @)

This criterion expresses the minimum distance
S to determine the stream flow variation caused
by zonal characteristics.

3.2. Correlation criterion

The correlation criterion for network dunsity
depends upon the maximum error of interpolation
of stream flow values for individual years for a
basin sitvated at middle of 8, The interpolation
error is assumed to be the same as the error of
stream flow estimation and as given by

N

: 2
Oy = ;f Z [(Q.ra?'"_ ednnd) — {Qek‘(__)l-'r_q)]

2

=N [ (Pt — Q) — (Qotnsj —— Qucta)

J
N N N

1[Y‘

= — l_ Lz%'j—'— _’Zgl+l~f"_'2 A__,Z"j Z'_H__j}]

=1 =1 j=1

= il 2 7 .
=0 F 0 s —2 150, Tty

= 2 Cva écz [ L= I',]
Or (.',2 = ?- C‘vz (1— rl"l ‘_IO)
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The empirical structure function is given by:
Cr=2Cr(1—r) +2C)
=2C3(a.8) + 2C

C,\2 2Ct@.S)+2C
Chpp = ({) = -..'__(__.4_)_:_5*_..*,,,
. i . \3
o GCup= —=|(Cra.S+ C:)‘ (1
Vi

Since Cy and o, are inter-related, and taking S
as S, at zero correlation,

Then, C% a Sec + 0" = 0
This satisfies the condition
3

Jo
< —

S, < aCa (12)
where the distance between two watershed cen-
tres is S..

Considering F,r and F, as limiting areas of
the gradient function and correlation function,
then we get

F, > 8 [Er—gg‘fa]“ (13)
o
Fo < aca (14)
assuming the following relationships :
f; #sl 2t
and S ~ pP*° (15)

where L is the length of the river, F is the drainage
area and S is the distance between the centres of

basin.

The optimum area for determining the gauge
density, therefore, will lie between Fy, and F..

4. Determination of optimum pumber of gauging stations in

Krishna basin

(Between Karad and Maruakonda, covering

an area of 205038 sq km)

S is considered as the distance between Karad
and Maruakonda = 552.47 km.,

The correlation coefficient between annual
flows at Karad and Maruakonda = 0.7359.

r=1—a.S, where a=1/S,.

S, is the radius of correlation for which cor-

relation function is zero.
S

= = 0.7359
So
or
552.47
- ——— = 2091.9 km

1—0.7359

The mean annual flow at Karad g; is equal
to 170.45 thousand million cubic feet (TMC) or
4826.6 million cubic meters (MCM)

The mean flow at Maruakonda Q. is
1335.31 TMC or 37811.71 MCM.
m = 0.5 (Qk+Qv)
—752.88 T.M.C. or 21319.15 MCM
(1335.31—170.45)

Grad.(Q) = —— — = 2.1084 TMC/km
552.47

or 59-7048 MCM/km

e : _grad (@) _ 59.7059

relative gradient, Grado(Q)= S =~ 2131913

= 0,0028005 MCM/km

The error of estimation e, of normal stream
flow at Karad and Vijaywada comes to 149 and

15% respectively.
For C, at Karad = 0.30

For a relative error of 5%, o, = 0.05

o,  0.05
then, - — 0.1667
G 0.30
2.82%eoXm  2.82X0.05
89> ——— = ————— = 50,35 km
grad § 0.0028005

Sgr = 50.35 km
S, is given by
S, < 2091.90%(0.1667)* = 58.13 km

- R 0°05 2
Eae S[gradoa] i [o-o'o‘zsoos‘_
> 2534.93 sq km

For a C, of 307 and a relative error of 57,
F, is calculated as

4
F.= (‘g) % (2091.90)*=(0.1667)* % {2091.90)"

v

<3379.28 sq km

Similar computations are carried out varying
the coefficient of variability and the relative error,
and these results are tabulated in Table 2.

5, Sensitivity of gradient function

In order to examine the sensitivity of the gra-
dient function, three cases of gradients were
considered as noted below

Case 1:The gradient based upon reach bet-
ween, Karad and Dhannur.

Case 2 : Gradient based upon the reach bet
ween Karad and Maruakonda.

Case 3 : Gradient based on the reach between
Karad and Deosagar.
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TABLE 2

Limiting valoes of F; - and F- for reach between Karad and Maruakonda in Krishna basla
catchment area, F=2,05,038 sq km

S. C.v. ay Syr; S-< Fer> Feg N=F/MIN
No. (km) (km) (sq km)  (sq km) (Fgy, Fe)
1 0.20 0.03 30.21 47.07 912.57 2215.37 225
2 0.04 40.28 33.68 1622.36 7001.67 126
3 0.05 50.35 113.74 2534.93 17093.93 81
4 0.10 100.70 552.98 10139.74  273502.85 20
5 0,15 151.04 1176.69 22814.41 1384608.00 9
6 0.25 0.03 13.28 13.12 912.57 907.42 226
7 0.04 40.28 53.55 1622.36 2867.89 126
8 0.05 15.35 83.68 2534.93 7001.67 81
9 0.10 100.70 334.70 10139.74  112026.76 20
10 0.15 151.04 753.08  22814.41 557135.51 9
11 0.30 0.03 13.21 20.02 912.57 437.60 469
12 0.04 40,28 37.17 1622.36 1318.66 114
13 0.05 15.35 58.13 2534.93 3379.28 81
14 0.10 100.70 232,39 10139.74 54003.64 20
15 0.15 151.04 552.98 22814.41  273502.85 9
16 0.35 0,03 13.12 15,37 912.57 236.16 869
17 0.04 14.28 27.32 1622.36 746.65 274
18 0.05 15.35 42,69 2534.93 1822.74 212
19 0.10 100.70 170.76 10139.74 29159.74 20
20 0.15 151.04 304.22 22814.41  147628.04 9

These gradients are also shown in Fig. 2. In
each of the above cases the pradients were
computed and also the gradient functions for
various values of relafive errors raneine from
.04 to .10. The limiting area for each of these
gradient functions are shown in the tabls b_low:

Fer
T e e 'A'___‘H—__"__'_‘)
Case 1 Case 2 Case 3
o, Grad. (Q)= Grad. (@)=  Grad. (0)=
1.7132 2.1084 2.3276
0.04 1796.3 1622 4 15596
0.05 2806.7 2535.0 2436.9

It will he seen from the above table that as the
gradient increases from case 1 to case 3, the net-
work of eauses required will be more. In other
words if there is an error in the computation
of gradienis. then it will not considerably affect
the number of stream gauges required for a
given area.

6. Comparison of network arrived in one stage and two
stages

In order to see as to what will be the effect
in the network density if a reach is taken as a
whole or is treated in parts, the following cases
have been taken for study ( see Fig 2).
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Case 4 :Stream gauge stations required bet-
ween Karad and Deosagar.

Case S : Stream gauge stations required in the
reach between Deosagar and Maruakonda.

Case 6 : Stream gauge stations required in the
reach between Karad and Maruakonda.

For all the above three cases again the gradients
were computed and the results of networks re-
quired are shown in the table in each case.

OF STREAM GAUGES
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o, Case 4 Case 3 Case 6
0.1 Fgr>(sqkm) 6882.2 72200.2 10139.7
N 18 | 20
0.05 Fgr>(sqkm) 1720.5 18054.0 2543.9
N 72 3 81

From the above table, it will be seen that for a re-
lative error of .05, while the case 6 gives 31 stream
gauges, a total number of 77 gauges are ~equired
when the whole reach is divided into two parts.
Since the gradient between Deosagar and Marua-
konda is smaller than the gradient betwesn Karad
and Deosagar, the number of gauges required
in the former case was quite small, corsistent with
the area between the reach.

7. Conclusions

In the study presented here, the physical-
statistical method has been applied for rhe deter-
mination of basic network of stream gauging
stations for general water resources assessment
in Krishna basin.

On the basis of the above analysis., the op-
timum distance between observational points
was computed and shown in Table 2. For a
relative error of 5%, the number of gauges re-
quired in Krishna basin between Karad and Marua-
konda comes to 81 (see Table 2).

Table 2 also gives the limiting areas worked
out for Krishna basin in the case of correlation
function as well as the gradient function. [t is
noticed from the results presented in Table 2
that the network is more sensitive to changes in
correlation function. This is so because F,
(correlation function) varies as the fourth power
of the ratio o, /C, other factors remaining cons-
tant. An examination of the sensitivity of gra-
dient function has been made in some detail. The
gradient function changes rather gradually for di-
fferent gradients of stream flow and hence can be a
very reliable indicator. Therefore, even if stations
are established with net-work which is not very
ideal, it would give an idea of the gradient func-
tion and since the gradient function is not so
sensitive the net-work can be expanded for kee-
ping the interpolation errors low. In conclusion,
it may be stated that for a relative error of 59
and a coefficient of variation of 30% the net-
work requirement in Krishna basin for stream
gauges is one gauge for 2,534 sq km.
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Explanation of symbols used

Average of long term runoff and
runoff at individual stations res-
pectively.

Criteria of minimum distance based
on gradient function.

Relative error of the mean.

Inverse of correlation radius at
which the correlation function has
zero value.

functions
respectively.
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