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Abstract This study aimed at redesigning and monitor-
ing the groundwater network of Nagadeh plain in the
southwest of Lake Urmia to examine the number and
position of optimal wells for the salinity information
transfer (EC) and survey of groundwater level at aquifer.
In this regard, groundwater level data (35 wells) and
electrical conductivity values (24 wells) were used dur-
ing a 10-year period (2002-2012). In the first stage,
simulation was conducted using the multivariate regres-
sion method and quantitative and qualitative values and
the interaction of wells was observed. In the next stage,
number of different classes was considered for cluster-
ing quantitative and quantitative values. The results of
studying different classes of data clustering showed that
the 12-class cluster had more accurate results based on
the root mean square error and coefficient of determina-
tion. The root mean square error was improved by about
40, 21, and 15%, respectively, compared to the 3, 5, and
9-classe clusters. Finally, by choosing proper cluster of
data, entropy indicators were investigated for quantita-
tive and qualitative values at the aquifer level. The
results of entropy indices at the aquifer showed that
there was a severe shortage of information in terms of
salinity in the Northwest of the aquifer, which necessi-
tates drilling a new well in this area to accurately mon-
itor the EC values. However, since more than 90% of the
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basin area is in surplus and approximately surplus con-
ditions in terms of transferring information, the studied
area has a good dispersion for qualitative monitoring.
Information transfer index for the quantitative ground-
water network monitoring showed that piezometers near
Lake Urmia were faced with a lack of information,
which according to piezometers ranking, is ranked last
in terms of value of maintaining or keeping the network.
Eastern areas of aquifer are also faced with shortage of
piezometers accounting for about 3% of the total area.
The results of survey of surplus wells in the aquifer
showed that nine and six surplus wells are in the aquifer
for the qualitative and quantitative network, respective-
ly. There were also wells in which information transfer
was not well done and their information could not be
assured. Finally, based on the conditions, a new arrange-
ment of wells and a new optimal network were
proposed.

Keywords Information transfer - Quality monitoring -
Entropy theory - Groundwater network - Lake Urmia

Introduction

Designing groundwater quality monitoring systems has
always been considered as one of the most complex
issues in the field of water resources and environment.
Since several issues such as spatial and temporal se-
quences of samples as well as choosing quality standard
variables must be considered. These systems are de-
signed to gather quality and quantity information, while
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designing them requires this basic information. There-
fore, designing these systems is conducted in an iterative
process (Van Luin and Ottens 1997). Given the impor-
tance of information and communication, evaluating
monitoring networks and designing an optimum net-
work have always been in the spotlight. For this reason,
evaluating the existing network in order to design an
optimum network seems essential and first, the initial
condition should be considered, which means the de-
mand for an optimum network should be investigated as
the first step and then the optimized network must be
provided. For example, if the numbers of wells in an
area are few and are far apart, it is not necessary to
provide sophisticated methods for an optimized net-
work. When the groundwater is polluted, in many cases,
eliminating the pollution lasts decades or longer and
water takes back its original quality late. The reason
for this event is the long retention time due to the slow
movement of water through ground and the low degra-
dation rate of pollutants. The main objective is achiev-
ing a good status for all groundwater bodies and ensur-
ing that these resources will not be destroyed in future.
A good status is the status when the groundwater com-
bination is in a condition in which first, the pollutants,
salinity or other interferences (as the change in the
electric conductivity) are not observed in the groundwa-
ter zone. Second, it does not excess the applicable
quality standards for that water body. Third, no major
reduction in the ecological or chemical quality of such
water bodies are seen or no major damage is exposed to
terrestrial ecosystems which all depend on the ground-
water zone directly (Quevauviller 2009). Adequate and
sufficient information is essential for planning and
managing groundwater aquifers. Monitoring is in a
close bond with the management of groundwater,
whereat the results of monitoring can change the
management of aquifer. The data collected from a
groundwater monitoring network may reflect a lack or
redundancy of aquifer information. The entropy theory
has been used in various fields of evaluating and
designing monitoring system network. For example, in
the water quality monitoring network, researches such
as Wu and Zidek (1992) and Harmancioglu et al. (1998)
and for rain monitoring stations some researches includ-
ing Krstanovic and Singh (1992) can be pointed out. But
the studies of Jaynes (1957) and Shannon (1948) pre-
sented a new area of research for using entropy in a wide
range of science and technology. Shannon (1948) de-
veloped vast studies on the entropy theory in various
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engineering fields including the assessment of economic
time series and ecological issues and developed a lot of
unknown concepts on this theory. Chapman (1986)
explained entropy as a quantity for measuring the un-
certainty of hydrological data and the performance of
hydrological models. He also examined the effect of
different clusters on the entropy indices, and
concluded that the entropy shows varying amounts by
changing the number of classes. Harmancioglu and
Alpaslan (1992) used the entropy theory for designing
a water quality monitoring network. They developed
standards spatial, temporal, and combinations of
spatial-temporal indices based on the entropy theory.
The results of their research indicated the great capabil-
ity of entropy in designing quality monitoring networks.
Ozkul et al. (2000) presented an approach for assessing
river water quality monitoring systems by using the
continuity entropy theory. Mogheir and Singh (2003)
and Mogheir et al. (2004) showed that among four
different types of entropy (i.e., the marginal, joint, con-
ditional, and mutual (transinformation) entropies), the
transinformation entropy is the best and the most appro-
priate method for assessing groundwater quality moni-
toring systems. They also suggested a method for eval-
uating water quality monitoring systems by means of the
contour maps of the boundary entropy. Sarlak and
Sorman (2006) evaluated and selected the wells of a
hydrometric network using the entropy theory. They
examined the effect of normal, lognormal, and gamma
distributions on the ranking results of the wells and
concluded that the distribution considered for the
discharge data in the continuity entropy theory is
important and let to various amounts of well ranks.
Chen et al. (2008) used Kriging method for interpolating
the data of monthly precipitation of 13 rain wells which
recorded 87 months of rainfall in Shimen area in Taiwan
in a network of 7.5 x 7.5 km?. The resulting number of
networks in the region was 17 where a well was placed
in the center of each network and the well was the basis
for further studies. Based on the precipitation statistics,
they used the information transfer entropy between
wells to prioritize new wells. Finally, according to
95% of the transinformation entropy between wells,
six wells were localized for the area. Chadalavada
et al. (2011) also used the uncertainty entropy along
with the aforementioned methods and optimized the
network of their interest. Zhu et al. (2015) also exam-
ined groundwater quality using entropy in China. Keum
et al. (2017) evaluated application of entropy methods
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Fig. 1 Location of studied wells in Naqgadeh plain

regarding precipitation, streamflow and water level, wa-
ter quality, soil moisture and groundwater networks.
They presented a summary of results of various re-
searchers and argued that entropy theory is well suited
for designing a monitoring network. However, more
studies are required to provide design standards, and
guidelines are also needed to implement them.

The quantitative and qualitative assessment and
monitoring of groundwater is always an important
challenge with specific problems. In fact, it is hard to
understand what is happening under the earth surface.
Water quality and quantity monitoring programs can
ensure the quality and quantity of water resources for
different uses. It is not possible to determine exact
location of the surplus wells or deficiency of wells
by entropy theory, but combining discrete and mar-
ginal entropy theories can make this possible. In the
studies on entropy theory, the current network has
been studied more and design and presentation of a
new network has not been considered. Moreover, in

the present study, the quantitative and qualitative net-
work of groundwater has been studied to provide a
regular monitoring network of groundwater in the
region. The studied area has undergone quantitative
and qualitative changes in groundwater due to the
frequent droughts in the Lake Urmia basin. By exam-
ining the results of this study, we can decide on the
current monitoring network and determine the valu-
able and value less wells in the region. In fact, rating of
wells regarding information transfer can be useful in
making decision on optimizing monitoring of ground-
water network by reducing or increasing the wells.
Accordingly, this study aimed at providing a quanti-
tative and qualitative monitoring of the groundwater
network to investigate number of redundant and re-
quired wells in Nagadeh plain aquifer to monitor the
salinity and groundwater level. Moreover, in this
study, using the entropy theory, an appropriate moni-
toring network in the region has been proposed for
salinity and groundwater level.
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Table 1 Statistical properties of the studied data in the case study

Variable ~ Minimum  Maximum  Mean Std. deviation ~ Variable =~ Minimum  Maximum  Mean  Std. deviation
ql 397.22 647.04 481.35 73.86 po 1.92 3.49 2.81 0.58
q2 412.92 926.09 641.12 148.61 p7 2.64 342 3.12 0.28
q3 571.97 798.65 627.93 67.53 P8 3.07 4.29 3.77 0.39
q4 342.73 655.26 487.19 90.52 P9 2.78 3.65 323 0.26
q5 488.89 1365.82 649.64 261.49 pl0 2.60 8.30 442 1.89
q6 385.24 606.66 477.96 77.75 pll 2.90 7.64 5.18 1.76
q7 493.67 954.56 664.20 146.44 pl12 433 5.06 4.60 0.20
q8 425.63 694.34 532.94 87.80 pl3 1.87 332 2.62 0.51
qQ9 1861.30 20,967.30 5239.87  5613.93 pl4 1.68 2.33 1.89 0.20
qlo 253.67 678.43 507.84 124.56 pl5 3.11 4.12 3.58 0.26
qll 1007.56 2057.45 1742.83 300.35 pl6 2.57 5.90 4.22 1.20
ql2 455.50 1281.21 875.63 234.88 pl7 1.72 291 2.24 0.38
ql3 520.74 1265.32 976.32 245.78 pl18 1.20 2.46 1.60 0.40
ql4 148.54 2227.27 569.28 617.99 p19 1.98 3.14 2.52 0.30
ql5 479.00 984.15 680.18 173.85 p20 2.83 4.73 3.77 0.53
qlé 657.27 222421 1469.55 483.58 p21 231 3.68 2.78 043
ql7 690.30 1245.99 1014.88 176.06 p22 1.07 2.86 1.73 0.65
ql8 384.72 1391.63 900.41 269.26 p23 1.87 2.92 2.36 0.32
ql9 44571 2291.57 965.95 572.90 p24 2.62 435 3.37 0.53
q20 580.96 1615.85 1150.46 359.18 p25 495 8.72 6.68 1.09
q21 512.64 2387.36 965.30 580.75 p26 327 4.39 4.08 0.58
q22 826.98 3828.74 1987.83 829.31 p27 2.70 4.59 341 0.56
q23 2967.69 5099.07 4188.87 700.46 p28 441 5.20 4.81 0.23
q24 1381.80 2895.06 2143.22 642.18 p29 2.48 4.58 3.35 0.77
pl 227 3.60 2.85 0.45 p30 4.07 6.99 5.13 0.99
p2 2.79 3.50 3.06 0.20 p31 3.04 9.17 5.47 2.26
p3 9.09 13.31 10.39 1.38 p32 2.60 4.02 3.16 0.41
p4 16.75 18.15 17.44 0.47 p33 1.61 2.78 2.18 0.36
p5 2.09 4.07 2.60 0.56 p34 4.10 11.03 6.78 2.68

q quality well, p piezometric well

Materials and methods
Study area

Iran, with an area of over 16,480,000 kmz, is situated in
the northern hemisphere and southwest of Asia. Almost
all parts of Iran have four seasons. In general, a year can
be divided into two warm and cold seasons. Iran, with
an average annual precipitation of 62.1-344.8 mm, is
located between two meridians of eastern 44° and 64°
and two orbits of northern 40° and 25°. Approximately
94.8% of the country is either arid or semi-arid with low
atmospheric precipitation and high Evapotranspiration
(Khalili et al. 2016). In this paper, the study area is

@ Springer

Nagadeh plain located in the northwest of Iran, in the
north of Azerbaijan Province, and in the southwest of
Lake Urmia. The area of it is about 481 km? and its

Hix,y)

H(y/x)

'y

H(x)

Tix,y)

Hix/y)
H(y)

Fig. 2 Schematic plan of the coefficients of entropy theory
(Jessop 1995)
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Table 2 Classification values of the information transfer index
(ITI)

Regional importance Index value
Severe shortage 0-0.2
Shortage 0.2-04
Average 0.4-0.6
Approximately surplus 0.6-0.8
Surplus >0.8

perimeter is 172 km. In this study, the values of EC
measured in 24 wells are employed to monitor the water
quality and water level and 35 wells are utilized to
monitor the quantity of groundwater in the statistical
years between 2002 and 2012. The study area is shown
in Fig. 1 and the statistical properties of the data under
groundwater quality and quantity monitoring analysis
are presented in Table 1.

Geological situation of the study area

Morphologically, across the region, there are ridges with
an average height of 1500 to 2500 m above sea level. The
permeability of formations in the region with the same
hydrological conditions can be divided into three groups:

A: Permeable group

Includes Permian limestone, Cretaceous, and Mio-
cene, which are featured in the eastern and southeastern

regions of the study. Due to gaps, dissolution cavities,
and other karstic agents, they have high permeability
and play an important role in aquifer feeding.

B: Low permeation group

It includes Cambrian, Permian, and Miocene rocks.
These formations are visible in the south-east of the
study area. Due to the presence of alluvial sediments
containing clay with silt and clay with fine sand, they
have little permeability.

C: Impermeable group

These sediments include Cambrian, Cretaceous, and
Miocene marl, and have been observed in the north-east
and south of the study area. Miocene marls have salty
minerals, are outside the study area, and cause ground-
water contamination.

Entropy theory

Basically, entropy means disorder, the higher the ran-
domness (disorder) in a system, the more entropy. Ac-
cording to the definition of entropy provided by Shan-
non, for two discrete variables of x and y, where x;, i =
1,2,3,....,n and y;, j=1,2,3,...,m, and are in the same
likelihood space, each one has a discrete probability of
p (x;), a joint probability of p (x; y;), and a conditional
probability of p (xl-| ;) for x; provided that y; occurs.

Table 3 Results of evaluating the accuracy and error values of multivariate regression in estimating the data of well

Variable RMSE N-S MSE R Variable RMSE N-S MSE r

ql 247 0.9988 6.12 1.0000 ql3 3.24 0.9998 10.49 1.0000
q2 222 0.9998 495 1.0000 ql4 31.26 0.9974 977.10 0.9988
q3 3.70 0.9965 13.73 1.0000 qls 9.33 0.9970 87.02 0.9990
q4 4.96 0.9968 24.64 1.0000 qlé 3.30 1.0000 10.88 1.0000
q5 34.80 0.9799 1211.24 0.9998 ql7 30.99 0.9625 960.14 0.9883
q6 1.03 0.9998 1.05 1.0000 ql8 1.20 1.0000 1.44 1.0000
q7 0.34 1.0000 0.11 1.0000 ql9 10.15 0.9997 103.09 1.0000
q8 223 0.9993 495 1.0000 q20 24.52 0.9948 601.08 0.9976
q9 48.83 0.9999 2384.59 1.0000 q21 6.59 0.9999 43.48 1.0000
qlo 045 1.0000 0.20 1.0000 q22 23.54 0.9991 554.28 1.0000
qll 15.54 0.9971 241.60 0.9988 q23 35.75 0.9968 1278.31 0.9985
ql2 88.87 0.8425 7897.77 0.9908 q24 21.86 0.9987 47791 1.0000
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Marginal entropy

E(1(0) = H(x) == 3 pl)inp(x) (1

where E(I(x)) indicates the mathematical expectation of
data. In fact, by definition, the average of data (the
average of /(x)) is used to measure the uncertainty.
Moreover, in some books H(x) is mentioned as a mea-
surement of the data uncertainty. However, it can be true
since the uncertainty is an indicative of the potential
information, therefore, for a random variable like X,
the marginal entropy, H(x), can be defined as a potential
information of the variable.

Joint entropy: indicates the data that exit in both x and y.

Hiey) == 3 ¥ p(viy, )1 (x.,) @)

i=1j=1

Conditional entropy: for random variables of x and y,
the conditional entropy represents the data from x which
does not exist in y (Mogheir and Singh 2003).
Hx,y)==-% X p(xily,-)lnp (xflyj) (3)

i=1j=1

Mutual (transinformation) information entropy: is
interpreted as a reduction in the uncertainty of x respect
to the random variable y. It can also be defined as the
information from x that exists in y (Lubbe 1996).

p (xi7yj) ()

T =" p(xi)p (y )

Its
'™ 8

p(xi,y,-) In
1 .

J

Where p (x) is the occurrence probability of x,
p(x, y) is the joint probability of x and y, and p
(x]y) is the probability of x provided that y occurs.
Note that 7 (x, y)=T (3, x) (Jessop 1995). The
information transfer entropy can also be calculated
in the following equivalent ways:

T(x,y) = H(x)~H(x]y) (5)
T(x,y) = H(x) + H(y)=H(x,y) (6)
T(y,x) = H(y)=H(ylx) (7)
T(y,x) = H(y) + H(x)=H(y,x) (8)

For understanding the relationship between informa-
tion transfer and the entropy coefficients better, refer to
Fig. 2.
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Information transfer can also be expressed by using a
normal indicator transfer index which is introduced by
ITI, which indicates the standard information which is
transferred from one place to another. Clustering the
information transfer is presented in Table 2

T(x,y)

ITI =
H(x,y)

©)

Three indices of R(i), S(i), and N(i) can be introduced
as follows and as an entropy fractional converter of x by
R(x, y) symbol, so that if y is known, it is also a reduction
of uncertainty of x, and in fact the information received
by x is of y as well, which is defined as the discrete
entropy:

T(x,y)
H(x)

R(x,y) (10)

Which can be used as a reduction of the uncertainty
of x if y is known, in other words, it is the amount of
information received by well x from well y. The infor-

mation that is sent from x to y is defined by relationship
11:

T(x,y)
H(y)

Aforementioned equations express the relationship
between x and y variables. By using Egs. 10 and 11,
the same reasoning can be applied to each of the wells.
Moreover, the received and transferred information of
the ith station is defined as follows:

R(i) = R(x(i), %(7)) (12)

x(i) represents the data of the ith well and (i) is based on
the following linear relationship:

Sley) = (11)

-1

(i) = a(i) +j§1yj(i) x bj(i) (13)

(i) is the data matrix of all the other stations and a(i) and
b(i) are the regression parameters between the ith station
and all the other stations that fit a linear equation. Larger
values of R(i) and S(i) respectively mean receiving and
sending more information between the ith station and
the other stations in the network. In other words, it
means establishing a better communication between
the base station and the other ones. Thus, the greater
amounts of R(7) and S(i) for a station mean higher values
of the station, and maintaining and preserving them is
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Table S Observation matrix of the 3-class cluster of q1 data

Estimation values of welll

Classification 405-490 490-575 575-660 Sum

Observation values of welll 405-490 6 0 0 6
490-575 1 2 0 3
575-660 0 0 1 1

Sum 7 2 1 10

recommended, but the N(i) index, which is called the net
exchange information, is defined as follows:

N(i) = S(i)-R(i) (14)

Since the value for each of the stations is measured
by N(i), this index is important. N(i) represents the total
net information of each well and the station with the
lowest value of N(7) has the lowest rank and importance
in the monitoring network (Markus et al. 2003).

One of the factors contributing to the value of mar-
ginal entropy is the interval (size and number). When
performing frequency analysis, it is clear that when the
intervals are smaller, the number of classes (NCI) is
more (Zhou 1996). However, there is no general rule
for choosing NCI. In 1996, Zhou proposed using the
following formula to avoid such problems when calcu-
lating the number of classes:

NCI = 1 + 1.33Ln(n) (15)

NCI < Slogn (16)

In the above equation, n is the number of observa-
tions and NCI is the number of intervals (classes) in the
time series of the variable of interest. However, in many
cases, an arbitrary number of classes are chosen, in

Table 6 Statistical matrix of the 3-class cluster of q1 data

which the classes are usually less than 5 and no more
than 20 classes (the number of classes is usually be-
tween 5 and 20). If the number of classes is less than 5,
the data may lose their information. On the other hand,
increasing the number of classes over 20 will make the
calculations longer and more time consuming. In any
case, this method is quite prone to subjectivity and is an
experimental approach.

T-model

To study the transmission of information at different
distances, T-model is used as follows (Mogheir et al.
2006):

T(d) = (To—Twin)e ™ + Ty (17)

where T}, is the initial value of information transfer. K is
the decay rate of information transfer. 7,,;, is the mini-
mum of information transfer and d is the distance be-
tween the wells. The percentage of the redundant wells
can be calculated by relationship 18.

( )NET

%NRI = —~2— x
0~ 4 Min

100 (18)

where T(@)NET equals the network information transfer
which is based on Eq. 19 (Mogheir et al. 2006):

Estimation values of welll

Classification 405490 490-575 575-660 Sum

Observation values of well 1 405490 0.6 0 0 0.6
490-575 0.1 0.2 0 0.3
575-660 0 0 0.1 0.1

Sum 0.7 0.2 0.1 1
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Table 7 Results of evaluating the information transfer (7) in
different classifications

Classifications MSE RMSE R
Quality data

3 class 7.02 2.65 0.06
5 class 4.13 2.03 0.50
9 class 3.57 7.89 041
12 class 2.57 1.60 0.61
quantity data

3 class 0.79 0.89 0.19
5 class 0.35 0.59 0.26
9 class 0.90 0.95 0.09
12 class 0.11 0.34 0.58
7(d)™" = T(d)~Twin (19)

The size of the optimized network monitoring can be
calculated using Eq. 20 (Mogheir et al. 2006):

a=0354L (20)

where a is equal to the network side and L is the
maximum distance between the wells.

Results and discussion

In this study, for monitoring the groundwater quality of
Nagadeh plain in order to measure the salinity values in
the area optimally, annual data of EC obtained from 24
wells in the aquifer of Nagadeh plain were used between
2002 and 2012. Also, the data of groundwater level in

0.6

Transinformation

0 5000 10000 15000 20000 25000 30000
Distance (m)

Fig. 3 Transinformation model for the water level variable in
Naqadeh aquifer

@ Springer

35 piezometric wells were used to monitor the quantity
groundwater network of the study area in the same
period. The first step of the present study was applying
the modified Mann-Kendall test to examine the trend
changes of the data. The results indicated a significant
trend in EC values of wells number q7, q5, q17, and q19
whereat using differentiating method, the trend in the
data was removed. In most parametric tests, there are
many basic assumptions, hence, if the assumptions are
not met, the results of the test will not be valid.

Among these assumptions, the most important and
common one is the normality assumption of data. Re-
cent researches have shown that the probability distri-
bution function of many quality and quantity variables
of the water resources systems do not follow a normal
distribution. The discrete Entropy is an approach to
revise this shortcoming in applying entropy to water
related issues (Mogheir and Singh 2003). In this respect,
the values of electric conductivity and the water level in
all wells are assessed.

After preparing the studied data using Eq. 13, new
data were generated for each well by using the data
from the other wells. In other words, rather than using
data directly from a well, by creating a multivariate
regression among the other wells, the predictions were
made for the well of interest. Multivariate regression
is an extension of the linear regression that creates the
common linear models by taking more than one inde-
pendent variable as well as one specific case into
account. EC values of each well were estimated using
multivariate regression and the values of the other 23
wells. The results of investigating the accuracy of
multivariate regression method are presented in
Table 3. The results of investigating the accuracy of
the multiple regression showed that according to
Nash-Sutcliffe (N-S) statistic, the performance of the
model is acceptable for estimating the EC values of
each well. By employing the map of elevations, the
directions of hydraulic slope as well as the direction of
hydraulic conductivity of the groundwater in the study
area were investigated, where it was revealed that the
direction of the groundwater flow is toward Lake
Urmia. So pl was assigned as the basic well for the
quantity groundwater network monitoring of the area
and the values of information transfer were calculated
based on it. The results of the correlation between
piezometric wells are presented in Table 4. Eventual-
ly, the data were analyzed and divided into different
classes. For classifying the data, the categories of 3



Environ Monit Assess (2019) 191: 250

Page 11 of 17 250

1

12 Class - Quality data
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Fig. 4 Results of zoning the entropy value index in a 12-class cluster to monitor the groundwater quality network

classes, 5 classes, 9 classes, and 12 classes (using Eq.
16) were studied. In fact, the reason of selecting 9 and
12 classes is investigating the accuracy of the network
monitoring. By specifying the number of investiga-
tion classes, the observation and likelihood matrices
were produced. The results of calculating the possi-
bility and observation matrices of the 3-class cluster
related to well q1 are presented in Tables 5 and 6.

By calculating the frequency and probability matri-
ces, the values of the transfer entropy (7) were calculat-
ed for all classes. The statistic of T-model was calculated
for all of the classes using Eq. 17. The results of T-model
showed that the 12-class cluster is more accurate than
the other classes in estimating the data. In this method,
first the relationship 17 was calculated for the values of
EC (quality) and water table (quantity) of the present
wells and then using them, the values of information
transfer of each well (T) were estimated based on the
distance between them. The results of investigating the
errors raised from examining the classes are presented in

Table 7. Figure 3 also shows the information transfer
based on the distances between piezometric wells in
investigating the 12-class cluster of quantity values (wa-
ter table).

The results of investigating the accuracy of clustering
information transfer indicated that the 12-class cluster is
of the lowest error rate and the highest correlation com-
pared to the other classes. By selecting the 12-class
cluster, the standard values of entropy were determined
and the results obtained from the information transfer
index (ITT) were estimated in monitoring the groundwa-
ter quantity and quality networks in the study area. The
results of monitoring the quality and quantity networks
of Naqadeh plain are presented in Figs. 4 and 5,
respectively.

As Fig. 4 illustrates the results of zoning the infor-
mation transmission index (ITI) at the regional level
showed that in some parts of the southeast of basin
and near q22 and 21 wells, the optimal status of the
number of wells is medium and even a shortage of well
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12 Class - Quantitative data
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Fig. 5 Results of zoning the entropy values index for monitoring the groundwater quantity network

is suspected. This represents the poor information trans-
fer in q22 and q21 wells and also shows that the rela-
tionship between the two wells is weak. But the shortage
of wells in this area is not acute and there is no urgent
need to dig new wells. In the northwest parts of basin,

Table 8 Coverage of ITI index in groundwater quality monitoring

T
45°40'0"E

there is also a severe shortage of well. Severe shortage
of well in this area represents the insufficiency of the
number of wells in the area for monitoring quality
properties. In other words, in these areas, enough infor-
mation on the salinity of groundwater (the areas of the

The regional importance Quantitative/qualitative Percent of surface Area (km?)
Severe shortage EC 3.85 18.50
Water level 0.00 0.00
Shortage EC 3.54 17.00
Water level 2.79 13.45
Average EC 6.35 30.50
Water level 22.23 106.9
Approximately surplus EC 20.16 97.00
Water level 48.62 233.85
Surplus EC 66.10 318.00
Water level 26.36 126.80
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Table 9 Ranking the studied wells based on N(7) index

Variable Rank Variable Rank
ql 6 po 17
q2 21 p7 11
q3 22 P8 3
q4 5 P9 2
q5 11 pl0 34
q6 4 pll 27
q7 19 pl12 26
q8 7 pl3 6
qQ9 24 pl4 10
qlo 18 pl5 25
qll 23 plé 24
ql2 8 pl7 29
ql3 17 p18 12
ql4 20 pl19 32
qls 16 p20 5
qlé 9 p21 23
ql7 15 p22 28
ql8 14 p23

ql9 2 p24

q20 13 p25

q21 12 p26 22
q22 10 p27 21
q23 3 p28 8
q24 1 p29 15
pl 1 p30 14
p2 13 p31 31
p3 18 p32 20
p4 16 p33 33
p5 19 p34 30

northwest border of the aquifer) cannot be obtained with
this scattering of wells. Most of the study area (66%) is
in the redundant cluster regarding the number of wells.
Considering the current scattering of wells, a relatively
good quality monitoring of the groundwater salinity is
possible. Based on NRI (number of redundant index), it
was determined that about 38% of the present wells are
redundant in the groundwater quality network of
Nagqgadeh aquifer. The results of studying the groundwa-
ter quality monitoring showed that 9 wells are redundant
in the aquifer under study, but the spatial scattering of
wells is not uniform.

The results of surveying the values of information
transfer index showed that there is no problem with the

groundwater quantity monitoring network in the study
area, and by means of the piezometers in the area, an
appropriate monitoring is possible on the groundwater
quantity values of the aquifer. The information transfer
is weak merely in the eastern part of the aquifer which
does not cover a large area. If this issue is solved, the
quantity monitoring of the groundwater aquifer will be
conducted fully and by using its information, the quan-
tity management of aquifer will be carried out better.
Since digging and constructing new piezometers are
costly, it is suggested to utilize the available deep and
semi-deep wells in the network to monitor and assess
the groundwater quality in eastern areas of the aquifer.
Based on NRI, for the quantity data of groundwater, it
was also found that about 17% of the wells are redun-
dant in the groundwater quantity network of Naqadeh
aquifer. On this basis, in the groundwater monitoring
network of the study area, 6 wells are redundant.

The areas covered by each of the clusters of ITI are
presented in Table 8. According to Figs. 4 and 5 and
Table 8, it can be seen that more than 90% of the study
area has a good quality and quantity monitoring on the
groundwater resources considering the distribution of
salinity and groundwater levels. It seems that there is a
well shortage in less than 10% of the study area, where
in terms of salinity and quantity variables much of the
shortage is located in the northwest and east of the
aquifer, respectively.

It is suggested to remove the wells with low ranking
from the monitoring network in order to reduce or
eliminate redundant wells. Because a well with a higher
N(i) is of higher value and this high rank indicates that
the aquifer status is presented better by the well and the
information of it can be easily attributed to the aquifer.
That is why ranking wells based on the net information
(N,) is essential. The values of net information index (V)
are calculated for the quality and quantity monitoring
networks and are presented in Table 9.

The results of ranking the quality wells in the region
showed that q19, q23, and q24 wells are holding a 1st to
3rd rank which means that these wells receive and trans-
fer more information than the other ones. In other words,
these wells have more preserving values than the other
wells and the data of them can be collected and used with
a complete confidence. These wells are located in the
lower areas of the aquifer. On the other hand, q9, q3,
and q11 wells obtained the lowest values among the other
wells. g3 well is in the farthest distance from the exit of
basin and is within the critical region of ITI. q19, g23, and
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Fig. 6 Results of gridding the studied aquifer for monitoring the groundwater quantity network

q24 wells generate the best information and q9, g3, and
q11 wells produce the least information about the ground-
water quality monitoring network. In the similar way, p1,
p8, and p9 piezometers showed the most and the best
information and p10, p33, and p19 piezometers demon-
strated the least information on the groundwater quality
network of aquifer. By means of the 12-class cluster and
Egs. 17 to 19, the numbers of redundant wells were
calculated in the region. Considering the distance be-
tween the wells, the number of the redundant quality
wells in the aquifer equaled 9 and the number of the
redundant piezometric wells in the network was 6. Due
to the irregular distribution of the wells within the aquifer
and also because of finding places with decreasing or
increasing information, the gridding of the study area
was employed. Using Eq. 20, the optimal size of network
was selected for gridding the study area in order to
monitor the quantity and quality values. According to
the maximum distance between the wells, the results
showed that a network with a size of 12,500 x 12,500 m

@ Springer

and a network with a size of 10,000 x 10,000 m are
suitable for the quality and the quantity values of the
study area, respectively. The results of gridding the study
area are presented in Figs. 6 and 7.

Taking into account the redundancy of 9 wells in
the study area along with considering the area of the
grids, it seems that 15 wells could reflect a good
quality monitoring of the study area. According to
the established networks, 5 wells per network, which
are distributed regularly, can provide enough informa-
tion on the salinity of aquifer. If the goal of monitoring
is optimizing and improving the groundwater quality
network, it is possible either to dig new wells based on
the results or to remove the wells with less information
transfer from the system. Besides, given the redun-
dancy of six piezometers in the quantity groundwater
monitoring network of the aquifer, almost seven pie-
zometers in each of the 10,000 x 10,000 m cells can
provide the best quantity monitoring in the aquifer.
For networks with redundant wells, the wells that are
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Fig. 7 Results of gridding the studied aquifer for monitoring the groundwater quantity network

not holding high ranks can be removed and for
networks with insufficient number of wells, the
recommendation of Mogheir et al. (2006) can be ap-
plied, which says to utilize abandoned wells or drink-
ing water wells. According to the available networks,
on average a piezometeric well is required to monitor
the groundwater quantity in each region with an area
of 14.28 km? (or a circle with a radius of 2.13 km).
However, in the groundwater quantity network in the
northwest parts of the studied plain, three wells in the
eastern part of the basin and two wells in the southwest
parts of the basin are required to monitor the network
more accurately.

Conclusion

This study conducted a quantitative and qualitative
monitoring network of the groundwater of Nagadeh
plain located south of Lake Urmia using entropy theory.

Regarding the quantitative (groundwater) and qualita-
tive (salinity) networks, the following results were
obtained:

* By developing the T-model and examining different
classes of data clustering, the gap was eliminated in
this study. In previous studies, a method has been
proposed for the number of different classes of data
clusters which was not true for each region.

* The results of integration of entropy indices and
estimation of information transfer showed that the
northwest of the aquifer has high shortage of infor-
mation meaning that, in these areas, there was a need
to construct new wells to better monitor groundwa-
ter quality is in terms of salinity.

* Approximately 66% of the aquifer area was surplus
in terms of quality information transfer of wells and
their number. On the whole, the existing network
maintains a significant statistical relationship be-
tween wells, but constructing two wells in the
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northwest of aquifer will make this connection
100%. One of the most important goals of entropy
theory is introduction of monitoring networks with
100% coverage.

* Regarding the quantitative groundwater monitoring
network in the studied area, there were good data
transfer capacities for the network, and the current
network can provide good information on the
groundwater in the plain. However, monitoring the
quantitative network of groundwater has been asso-
ciated with a reduction in information transfer in
eastern boundaries of the basin, indicating a lack
of three wells in these areas. However, due to the
location and reduction of Lake Urmia water level
and its retention, there is a possibility of a sharp
decrease in the water level in these arecas. Moreover,
due to the quality and salinity of Lake Urmia water,
it is likely that information transfer from the wells of
these areas will be ceased in the future. Entropy
indicators such as R(7) and S(i) show this very
clearly.

*  Another use of the entropy index in aquifer manage-
ment is related to net exchange information. The
results of examining net exchange information in-
dex (N(i)) showed that wells close to Lake Urmia
had more value than other wells and had achieved a
higher ranking in terms of groundwater quality mon-
itoring in the studied area. These include q19, q23,
and q24. Moreover, in the groundwater quality mon-
itoring of the aquifer, the q9, g3, and ql1 wells
received the lowest value and their future activity
requires a serious revision and information of these
areas are less reliable.

* The ranking results of the piezometers in the quan-
titative monitoring of groundwater network showed
that piezometers near the Lake Urmia had lower
values and, in fact, their information should be con-
sidered carefully for managing aquifer. On the other
hand, central wells of the aquifer are of great impor-
tance and have higher values. High value wells are
considered valuable in terms of providing informa-
tion and, if possible, measurements of groundwater
levels and EC parameters of these wells should be
carried out within a shorter period of time.

* The provision of regular monitoring networks is
another capability of entropy theory which has been
less studied. The results showed that in the studied
area, the best network for monitoring the quality and
quantity of groundwater were 12,500 x 12,500 and

@ Springer

10,000 % 10,000 m, respectively. On the other hand,
entropy theory can be used to design a new network
which can be effective in designing an efficient and
strategic network based on information.
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