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ABSTRACT

Establishment and maintenance of a hydrometric network in any geographical region is required for
planning, design and management of water resources. Setting up and maintaining a hydrometric network is
an evolutionary process, wherein a network is established early in the development of the geographical
area; and the network reviewed and upgraded periodically to arrive at the optimum network. This paper
presents the methodology adopted in assessing the hydrometric network using entropy theory adopting
normal and log-normal probability distributions. The technique, involving computation of marginal and
conditional entropy values, is applied to the upper Bhima basin up to Ujjani reservoir for illustrative
purposes; and results presented. The derived optimum hydrometric network for the basin is evaluated
based on WMO guidelines for minimum density of hydrometric network.
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1. INTRODUCTION

Hydrologica information system (HIS) for a region provides requisite data for planning, design
and management of water resources and related research activities, thus enabling informed
decision-making. A hydrometeorological network includes subsystem for measuring stream flow,
precipitation, groundwater, etc.; and provides water-data for HIS. For a river basin, the
hydrometric network for measurement of stream flow characteristics forms a subsystem of
hydrometeorological network [1]. Setting up and maintaining a hydrometric network is an
evolutionary process, wherein a network is established early in the development of the
geographical area; and the network reviewed and upgraded periodicaly to arrive at the optimum
network. For network optimization, approaches commonly used include statistical approaches,
user-survey technique, hybrid method and sampling strategies [2]. Statistical approaches for
hydrometric network optimization range from clustering techniques, spatial regression methodsin
generalized least square framework and entropy-based methods.

Entropy theory quantifies the relative information content for the hydrometric network, and has
the advantage that it needs only stream flow data for evaluation. The method facilitates network
design by quantifying the margina contribution of each data collection node to the overal
information provided by the network using an index termed marginal entropy. Probability
distributions such as gamma, norma and log-normal are commonly used for computation of
entropy values while optimising hydrometric network [3-7]. In the present study, 2-parameter
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normal (N2) and log-normal (LN2) distribution is used for computation of entropy vaues for the
stations under consideration. Transinformation index measures the redundant or mutua
information between stations, and is computed from margina and conditional entropy values to
derive the optimum network. The methodology adopted in assessing the hydrometric network of
upper Bhima basin up to Ujjani reservoir using entropy theory is briefly described in the ensuing
sections.

2. METHODOLOGY

The main objective of evaluating a data collection network is to identify the stations that are
producing redundant or repeated information; which can be measured quantitatively by
computing transinformation or the redundancy produced by each station in the network.

2.1 Concept of Entropy

A quantitative measure of the uncertainty associated with a probability distribution, or the
information content of the distributions termed Shannon entropy [8] can be expressed as:

H(X) =—kzp, In(pi) - (D)

Here, H(X) is the entropy corresponding to the random variable X; k is a constant that has value
equal to one, when natural logarithm is taken; and p; represents the probability of i observation.

2.2 Marginal Entropy

Marginal entropy for the discrete random variable X is defined as:
HOO ==k plX,Jin(p(x, ) ()

where, p(X;)is the probability of i random variable X, which is computed by either N2 or LN2

distribution, and N is the number of observations. The probability density functions of hormal and
log-normal distributions are expressed by:

1xeuff

: _ 1 2000
f(X;u,0) 0\/5[9 , X>0 (Normal) .. (3)
1 LN(X)—O(%Z
f(x;a,B):XBf/E[e ZE B , X>0 (Log-normal) (B

Here, 4 and o are parameters of the N2 distribution. Similarly, a and [3 are parameters of
the LN2 distribution. The marginal entropy H(X) indicates the amount of information or
uncertainty that X has. If the variables X and Y are independent, then the joint entropy [H(X,Y)]
isegua to the sum of their margina entropy values and given by:

H(X,Y)=H(X)+H(Y) ... (5)

If the variables are stochastically dependent, then the joint entropy is less than its total entropy
[9].
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2.3 Conditional Entropy
The conditiona entropy of Y on X isdefined by:
H(Y/X)=H(X,Y)-H(x) ... (6)

Conditional entropy value becomes zero, if the vaue of one variable is completely
determined by the value of other variable. If the variables are independent, then H(Y/X)=H(Y)
[10].

2.4 Transinformation Index

Transinformation is the form of entropy that measures the redundant or mutua information
between variables. Transinformation represents the amount of information, which is common to
two stochastically dependent variables X and Y. The transinformation between X and Y is
defined as:

T(X, Y)=H(X)+H(Y)-H(X, Y)=H(Y)-H(Y|X) .. (M)

For independent X and Y, T(X,Y) = 0. The value of T(X, Y) is known as transinformation index
[11].

25 Stepsinvolved in Computation of Entropy Values

In practice, the existing sampling sites of a hydrometric network can be arranged in the order of
information content. In the ordered list thus obtained, the first station is the one where the highest
uncertainty about the variable occurs, and the subsequent stations serve to reduce the uncertai nty
further [12-13]. The steps involved in selecting the best combination of stations using entropy
theory are asfollows:

i) Let thedata collection network under review, consists of M monitoring stations. The
data series of the variable of interest at each station (X1,X,,...,Xu) is represented by
Xi; , where ‘i’ denotes the station identification number (i=1, 2,..., M) and ‘j’ isfor
time period (j=1,2,...,N). The datalength at al stations is assumed to be equal to N.
The best fitted multivariate joint probability density function for the subset (X4,
Xs,...,Xn) of M monitoring stationsis selected.

ii) The margina entropy of the variable H(X;) (i=1,2,...,M) for each station is
caculated. The station with the highest marginal entropy is denoted as the first
priority station Pr(Xz;). This is the location, where the highest uncertainty occurs
about the variable and hence information-gain will be highest from the observations
recorded at this site.

iii) This station Pr(Xz;) is coupled with every other (M-1) stations in the network to
compute transinformation T(X;, Pr(Xzy)) with X; # Pr(Xzy), i=1, 2,...M; and to
select that pair, which gives the least transinformation. The station that fulfils this
condition is marked as the second priority location Pr (Xz,).

iv) Thepair (Pr(Xzy), Pr(Xz,)) is coupled with every other (M-2) station in the network
to select atriplet with the least transinformation T(X;; Pr(Xz.), Pr(Xzy)). The same
procedure is continued by successively considering combinations of three and more
stations, and selecting the combination that produces the least transinformation.
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Finaly, al M monitoring stations (X1,X,,...,Xu) can be ranked in priority order to
get (Pr(Xzy),Pr(Xzy),...,Pr(Xzw)).

v) It is possible to terminate the above process early, before carrying out for al M
stations by selecting a particular threshold transinformation value as the amount of
redundant information to be permitted in the network, such that sampling of the
variable may be stopped at the stations that exceed the threshold to get optimum
number of stations, which isless than M.

In the above procedure, the benefits for each combination of sampling sites are measured in terms
of least transinformation or the highest conditional entropy produced by that combination. The
above procedure helps to assess network configurations with respect to the existing stations. If
new stations are to be added to the system, their locations may be selected again on the basis of
the entropy theory by ensuring maximum gain of information.

3. APPLICATION

3.1 Study Areaand Data Used

The methodology detailed above has been applied to optimize the hydrometric network for upper
Bhima basin up to Ujjani reservoir. The basin is located in the western part of Maharashtra
between 17° 53' N and 19° 24' N latitude and 70° 20' E and 75° 18' E longitude. The geographical
area of the basin is 14712 km? Of the total geographical area under study, 25% is hilly and/or
highly dissected, 55% plateau and 20% is remaining plain area[14].

Figure 1 gives alocation map of upper Bhima basin up to Ujjani reservoir. From Figure 1, it may
be noted that there are 14 stream gauge stations located in the upper Bhima basin up to Ujjani.
From scrutiny of historical stream flow data, it was noted that two stations, namely Aamdabad
and Pimple Gurav are having only four years of data, which was considered inadequate, and
hence not considered for further analysis. Stream flow data recorded at the remaining twelve
stations, namely Askheda, Budhawadi, Chaskaman, Dattawadi, Kashti, Khamgaon, Nighoje,
Pargaon, Paud, Rakshewadi, Shirur and Wegre for the period 1994-2007 were used in deriving
the optimum network.
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Figure 1: Location map of upper Bhimabasin

4. RESULTSAND DISCUSSIONS

By applying the procedure detailed above, a computer program was developed and used to
compute the transinformation index from margina and conditiona entropy. The program identify
the first priority station based on marginal entropy; compute the conditional entropy with
reference to first priority station; and arrange the stream gauge stations in order of priority based
on transinformation index.

4.1 Computation of Marginal Entropy

Table 1 gives the summary statistics of annual average flow and marginal entropy values (using
N2 and LN2 distributions) for twelve stream gauge stations of upper Bhimabasin.
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Table 1: Summary statistics of annual average flow and indices of margina entropy

S. Gauging Summary statistics of annual average flow Marginal
No. station N2 LN2 entropy
1 (10° m’s) | o (10° m%s) a B N2 LN2
1 | Askheda 23.7 14.0 7.600 | 0.399 8.662 | 0.959
2 | Budhawadi 15.9 9.5 7.187 | 0.427 8.278 | 0.993
3 | Chaskaman 34.0 24.5 7.894 | 0.537 9.222 | 1.108
4 | Dattawadi 52.7 63.3 7.732 | 2581 |10.173| 1.893
5 | Kashti 54.5 57.6 7.828 | 2546 | 10.078 | 1.886
6 | Khamgaon 179.3 1155 9.648 | 0.279 |10.774 | 0.781
7 | Nighoje 81.8 35.1 8928 | 0.173 9.582 | 0.541
8 | Pargaon 348.6 220.3 10.280 | 0.389 | 11.419 | 0.946
9 | Paud 32.0 25.8 7.835 | 0.461 9.274 | 1.032
10 | Rakshewadi 120.0 81.9 9.268 | 0.210 | 10.429 | 0.638
11 | Shirur 75.6 50.0 8590 |1.216 9.935 | 1.517
12 | Wegre 24.0 11.2 7.693 | 0.184 8.438 | 0.572
K and o are mean and standard deviation of annual average flow for N2; o and 3 are
mean and standard deviation of the log-transformed data of annua average flow for
LN2.

4.2 Transinformation Index Matrix

Based on marginal entropy values, as given in Table 1, it was identified that the Pargaon is the
first priority station when N2 distribution applied whereas Dattawadi is the first priority station
when LN2 distribution applied. The first priority station was coupled with other 11 stations
individually to identify the next priority station in order, and to compute the transinformation
index. By using marginal entropy values obtained from probability distributions, joint and
conditional entropy values were computed to arrive at a transinformation matrix for the stations
under study. Tables 2 and 3 give the transinformation index matrix (using N2 and LN2) for the
stations under study.
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Table 2: Transinformation index matrix based on marginal entropy using N2 distribution

Station Transinformation index matix (T)

S K O - I T I I S I3 Y O
Askheda | 0465(0302)- |- |- |- |-
Budhawadi | 0.821( 0.714 | 0.710 | 0.697 | 0.697 | 0.704 | -
Chaskaman | 0.712| 0.501 | 0.497 | 0.317 | 0.600 | - - - - -
Dattawadi | 0.660| 0.799 | 0.848 | 0.987 | 1.613 | 1.450| 1457 | 1338 | L.731 | 1.671
Kashti 0407|0325 0530 | 0875 0.722] 0.753 | 0.784] -
Khamgaon | 0.733| 0.327| 0.337 [ 0.648 | 1.146| 1.137 | 1.329 | 1.411| 1.358| 1.698 | 1.687
Nighoje | 0.763 | 0.425 | 0.460 | 0.481
Parmaon | - - - - - - - - - -
Paud 092510520 1.005 | 1.108 | 1.252| 1.285| 1.546| 1.360 | 1.314 | -
Rakshewadi | 0.281]- |- e - - -
Shirur 03780436 | 0.618 | 1.O7L | 0.747 0.796 | 0.500 | 0.880
Wegre 062603450373 - - - -
810=2,3,4, . l”]mdlcatethe:.tep:.mml\edmcomputatmnottran:mtannauan index based
ol marg;mal entrop'_x of first pricrity station, namely Pargaon. From the table, the station having the
least ransinformation index at each step is considered as the next priority station to Parzaon.

| ]

Table 3: Transinformation index matrix based on marginal entropy using LN2 distribution

Station Transinformation index matix (T)
52 53 54 53 56 57 58 59 510 | 511 | 512
Askheda 0192 | 0.157 | - - - - - - - - -
Budhawadi | 0403 | 0418 | 0.472 | 0474 0.772 | 0.791 | 0.808 | -
Chaskaman | 0.133 | 0.203 | 0.254 | - - - -
Dattawadi | - - - - - - - - - - -
Kashti 0865 | 0952|0963 | 0564|0554 1072|1147 | 1313 | 15159 2.032| 3.035
Khamgaon | 0.476 | 0.489 | 0.604 | 0.619 | 0.619 - - - - -
Nighoje 0345 | 0357|0645 | 0.754 | 0.796 | 0815 | 0.982 | 1.848 | 1.865| 1.871
Pargaon 0.591|0.605 | 0.81%9 | 0.932 | 0536 1.041 | 1.174| 1.422 | 1.433 | -
Paud 0326|0408 | 0.854 | 0838 | 0946 | 0987 | L.002| 1.052 | -
Rakshewadi | 0.088 | - - -
Shirur 0.245| 0286 | 0.357 | 0.424 -
Wegre 0220 0254 | 0377 | 0597 | 0642 0.773 | - - - -
Si(i=2.3.4,...... 12)indicatethe steps involved in computation of transinformation index ba:ed
on margmal entmp'_x of first prioritv station, namely Dattawadi. From the table, the station having the
least ransinformaton index at each step is considered as the next prioritv station to Dattawadi.

4.3 Computation of Redundant Information

Based on transinformation index values obtained from N2 and LN2 distributions, the amount of

redundant information passed by different stations were computed and given in Tables 4 and 5.
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Table 4: Contribution of redundant information by different stations (using N2 distribution)

Station Transinformation index Redundant information (%)
Rakshewadi 0.281 16.7
Askheda 0.302 17.9
Wegre 0.373 221
Nighoje 0.481 28.5
Chaskaman 0.600 35.6
Budhawadi 0.704 41.7
K ashti 0.784 46.5
Shirur 0.880 52.2
Paud 1.314 779
Dattawadi 1.671 99.1
Khamgaon 1.687 100.0

Table 5: Contribution of redundant information by different stations (using LN2 distribution)

Station Transinformation index Redundant information (%)
Rakshewadi 0.088 2.9
Askheda 0.197 6.4
Chaskaman 0.254 8.3
Shirur 0.424 13.9
Khamgaon 0.619 20.3
Wegre 0.773 25.3
Budhawadi 0.808 26.4
Paud 1.052 34.4
Pargaon 1.433 46.9
Nighoje 1.871 61.2
Kashti 3.055 100.0

After summarizing the results, the following observations are drawn from the study.

i)

Khamgaon station provided 100% redundant information when N2 distribution
applied. The amount of redundant information passed by the stations other than Paud
and Dattawadi vary between about 17% and 52%.

Kashti station provided 100% redundant information when LN2 distribution applied.
The amount of redundant information passed by the stations other than Nighoje vary
between about 3% and 47%.

Based on margina entropy vaue obtained from LN2 distribution, Dattawadi is the
first priority station and hence not to be considered for discontinuation while
optimizing the network though the redundant information passed by the station is
about 99% while N2 distribution applied for optimizing the network.

By considering the 100% redundant information, Khamgaon and Kashti stations are
proposed for discontinuation from the existing network of upper Bhima basin.

In addition, Aamdabad and Pimple-Gurav stations are aso proposed for
discontinuation from the existing network because of inadequacy of stream flow data.
The derived optimum network for the basin consists of ten stream gauge stations with
1471 km? per gauging station; which satisfies the WMO [15] recommended val ue of
1875 km? per station for minimum density of hydrometric network.

vii) However, it should be noted that thisis a preliminary analysis and demonstrates the

application of entropy theory for network evaluation, more analysis need to be done
considering al the stations for final recommendations.
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5. CONCLUSIONS

The paper presented a computer aided procedure for the assessment of hydrometric network using
entropy theory adopting normal and log-normal probability distributions for upper Bhima basin
up to Ujjani reservoir. The results of N2 distribution showed that the amount of redundant
information passed by the stations other than Paud and Dattawadi vary between about 17% and
52%. Similarly, the amount of redundant information passed by the stations other than Nighoje
and Kashti vary between about 3% and 47% when LN2 distribution applied for network
optimization.. The study suggested that the two pairs of stations Khamgaon-Kashti (based on
100% redundant information) and Aamdabad-Pimple Gurav (based on inadequacy of stream flow
data) may be considered for discontinuation from the existing hydrometric network of the basin.
The paper presented that the derived optimum network of upper Bhima basin consists of ten
stream gauge stations with 1471 km? per gauging station, which satisfy the WMO recommended
vaue of 1875 km? per station for minimum density of hydrometric network. The results presented
in the paper would be helpful to the stakeholders for decision making as regards network
optimization in upper Bhima basin.
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