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Abstract An estimate of the groundwater budget at the
catchment scale is extremely important for the sustainable
management of available water resources. Water resources
are generally subjected to over-exploitation for agricultur-
al and domestic purposes in agrarian economies like India.
The double water-table fluctuation method is a reliable
method for calculating the water budget in semi-arid
crystalline rock areas. Extensive measurements of water
levels from a dense network before and after the monsoon
rainfall were made in a 53 km2 watershed in southern
India and various components of the water balance were
then calculated. Later, water level data underwent geo-
statistical analyses to determine the priority and/or
redundancy of each measurement point using a cross-
validation method. An optimal network evolved from
these analyses. The network was then used in re-
calculation of the water-balance components. It was
established that such an optimized network provides far
fewer measurement points without considerably changing
the conclusions regarding groundwater budget. This
exercise is helpful in reducing the time and expenditure
involved in exhaustive piezometric surveys and also in
determining the water budget for large watersheds (water-
sheds greater than 50 km2).

Résumé L’estimation du bilan en eau à l’échelle du
bassin versant est essentielle pour une gestion durable des
ressources. Dans des économies agraires comme en Inde,
les ressources en eau souterraine sont généralement
surexploitées pour des usages agricoles et domestiques.
La méthode de double fluctuation du niveau piézométri-
que, est une methode fiable pour calculer le bilan en eau
en contexte cristallin semi-aride. Plusieurs campagnes
piézométriques détaillées ont couvert un réseau dense sur
un bassin versant de 53 km2, au sud de l’Inde, avant et
après la mousson, et ont permis de calculer plusieurs
composantes du bilan en eau. Les données piézométriques
ont ensuite été soumises à des analyses statistiques, afin de
déterminer les priorités et redondances sur chaque point de
mesure par une méthode de validation croisée. De ces
analyses est né un réseau optimal, à partir duquel les
composantes du bilan en eau ont été recalculées. Il a été
mis en évidence qu’un tel réseau optimisé, s’il nécessitait
beaucoup moins de points de mesure, ne changeait pas
fondamentalement les conclusions sur le bilan en eau. Cet
exercice est utile pour réduire le temps et le coût
qu’impliquent la réalisation de campagnes piézométriques
exhaustives, mais aussi pour déterminer le bilan en eau sur
des bassins versants étendus (surface supérieure à
50 km2).

Resumen Una estimación del balance de aguas subterrá-
neas a escala de cuenca es muy importante para la gestión
sostenible de los recursos disponibles de agua. Los
recursos hídricos están generalmente sujetos a sobreex-
plotación para la agricultura y el uso doméstico en
economías agrarias como es el caso de la India. El método
de fluctuación doble del nivel piezométrico, es metodo
fiable para el cálculo del balance hídrico en áreas semi-
áridas de rocas cristalinas. Se han llevado a cabo medidas
extensivas de niveles de agua procedentes de una densa
red de control antes y después de las lluvias monzónicas
en una cuenca al sur de India y se han calculado varios
componentes del balance de agua. Posteriormente, se
llevaron a cabo análisis geoestadísticos con los datos de
nivel de agua para determinar la prioridad y/o redundancia
de cada punto de medida usando el método de validación
cruzada. A partir de estos análisis se obtuvo una red de
control óptima. La red de control fue entonces utilizada
para recalcular los componentes del balance hídrico. Se ha
establecido que una red de control optimizada da lugar a
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muchos menos puntos de medida sin cambiar considera-
blemente las conclusiones que tienen que ver con el
balance hídrico. Este ejercicio ayuda a reducir el tiempo y
el costo de campañas piezométricas exhaustivas y también
a determinar el balance hídrico para grandes cuencas
(cuencas mayores de 50 km2).

Keywords Groundwater budget . India .
Granitic watershed . Geostatistics . Piezometric survey

Introduction

Quantification of the available groundwater resources of
an area is important for evolving a sustainable develop-
ment strategy for these resources. Calculating the ground-
water budget is an important step in developing a strategy.
In over-exploited aquifers such as the granitic aquifer in
the present study, and others found in agrarian economies
such as India, a precise and reliable estimate of the
groundwater budget is extremely important. The double
water-table fluctuation (DWTF) method (Maréchal et al.
2006) is an appropriate and robust method for estimating
the recharge and specific capacity in crystalline rock
aquifers. Due to the accuracy, ease, and application in
semiarid areas (Beekman and Xu 2003), this method is
considered to be reliable and cost-effective. Based on this
method, the changes in the groundwater storage are a
combined effect of the resulting water-table fluctuation
and the storage parameter. In the case of unconfined
aquifers such as in this case study, this parameter is the
specific yield.

The key to a successful budget estimation using this
method depends on the representativeness of the piezo-
metric maps of the area from which the water-table
fluctuations are calculated. The accuracy and reliability
of any estimate greatly depends on the quality and
quantity of the measurable parameter. Water level, which
is the only directly measurable parameter, is not problem-
atic as related to data quality if careful measurements are
taken. Thus, the measurement density is of utmost
interests. A very high measurement density will increase
the time and cost of field measurement and on the other
hand, a very low measurement density can result in losing
vital information.

The objective of the present study was to develop a
methodology for the optimization of the piezometric
network using geostatistics so that it adequately represents
hydrologic conditions in a given area and does not affect the
sensitivity of the water-budget calculations. This method-
ology will greatly help in reducing the cost and time
associated with exhaustive piezometric surveys because
budget calculation is required for many time periods, even
in a single hydrological year. In the present study, the
hydrological year has been defined as the beginning of June
to the end of May in the next calendar year.

Study area

The study was carried out in the Maheshwaram watershed
about 35 km south of Hyderabad in the Ranga Reddy
district of Andhra Pradesh covering an area of about
53 km2 (Fig. 1); elevation in the watershed ranges from

Fig. 1 Location map of the
Maheshwaram watershed,
southern India
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590 to 670 m above mean sea level with the higher
elevations in the southern part of the basin with land
surface gently sloping towards the north. The watershed is
of a semi-arid climate type with a distinctive rainy season
known as the monsoon. The monsoon occurs from July to
October. The mean annual rainfall in the study area is
750 mm. More than 90% of the precipitation falls during
the monsoon season. The mean annual range of temper-
ature varies from 22 to 44°C. The absence of any
perennial streams in the watershed has resulted in
groundwater as the main source of water supply for
irrigation and domestic purposes.

Geologically, the watershed is composed of Archean
granites (Fig. 2), which forms a part of the larger, 2,500
million-year-old peninsular gneissic complex of the
eastern Dharwar craton with a multiphase weathering
profile (Dewandel et al. 2007).

Because of the over-exploitation of groundwater, the
weathered layer is dry and water is present in the fissured
layer only. The Maheshwaram watershed is typical of rural
Indian watersheds with its agricultural practices and over-
exploitation of the groundwater resources (more than 700
wells in use).

Fig. 2 Geology of
the study area
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Estimation of water budget

Changes in the groundwater storage are a combined effect
of the recharge, irrigation return flow, and the horizontal
groundwater inflows into the aquifer minus the base flow,
evapotranspiration from groundwater, pumping, and hor-
izontal groundwater outflows, and is given as (Schicht and
Walton 1961)

Rþ RFþ Qinð Þ � ETþ PGþ Qout þ Qbfð Þ ¼ DS; ð1Þ

where R is the groundwater recharge due to rainfall, RF is
the irrigation return flow, Qin and Qout are the horizontal
inflows and outflows to the basin, respectively, ET is the
evapotranspiration from vegetation, PG is the groundwater
abstraction by pumping, and Qbf is the base flow or the
groundwater discharge to the springs. The presence of a
deep water table in the study area does not facilitate the
presence of springs and there is no groundwater contribu-
tion to the streams; hence, the term base flow in Eq. (1)
can be neglected. Also, because of the deep water table,
vegetation is not able to consume any water; hence, the
term evapotranspiration can be replaced by evaporation in
Eq. (1). Thus, Eq. (1) can be reduced to

Rþ RF þ Qinð Þ � E þ PGþ Qoutð Þ ¼ DS ð2Þ
The DWTF method is used for calculating the

recharge, which links the changes in groundwater storage,
ΔS, with the resulting water-table fluctuation Δh:

DS ¼ SyDh; ð3Þ

where Sy is the specific yield of the unconfined aquifer. A
brief discussion of the individual components of the
groundwater budget calculation using the DWTF method
is given below.

Pumping flows
Absence of perennial-surface water supply and free
electricity has resulted in the development of tube wells
as the main source of irrigation for the numerous paddy
fields, vegetables, and fruit orchards present in the
watershed. All these crops are irrigated round the year.
The annual pumping rate was estimated using the wells
inventory, supported by the land-use map derived from
remote-sensing techniques (Galeazzi 2002).

Using a hand-held global positioning system, 929 wells
were located, and the discharge rates of the 707 wells in
use were measured using a graduated bucket (Maréchal et
al. 2003). The discharge rates varied from 5 to 700 l/min.
Information about daily duration of pumping, annual
number of pumping days, and use resulted in the
calculation of the annual pumped volume of water.
Water-level fluctuations in response to pumping were
recorded by automatic water-level recorders installed
during the Indo-French Project (IFP) in five wells (IFP
wells serve as piezometers without any pump fittings and
these wells were specially drilled for the project) and this
helped in computing the monthly evaluation of the rate of
pumping at the watershed scale (Maréchal et al. 2006).
Table 1 shows the pumping for the hydrological year
2003–2004. Kharif is the wet season (beginning of June to
end of November) and Rabi is the dry season (beginning
of December to end of May).

Horizontal flow across the boundaries
Due the absence of any groundwater movement in the
weathered layer of the geological profile and extremely
low permeability of the fresh basement, groundwater
movement in these layers can be neglected. Thus, flow
in the aquifer only occurs in the fissured zone. These
flows are, in turn, dependant on the horizontal permeabil-
ity, thickness of the saturated zone, and local hydraulic
gradient. These flows were computed using a finite-
difference model in order to obtain a spatial distribution
on a grid of squared cells. The inflow and outflow values
are given in Table 2 (Maréchal et al. 2003).

Evaporation from the water table
Coudrain-Ribstein et al. (1998) has demonstrated that
evaporation from aquifers in arid zones is independent of
the soil characteristics. According to them, the annual

Table 1 Seasonal groundwater abstraction for the hydrological year
June 2003 to May 2004, according to usage

Usage Kharif (mm) Rabi (mm)

Rice 62.5 108.7
Vegetables and flowers 1.2 1.6
Fruit (including grapes) 3.8 9.4
Domestic use and chickens 3.3 4.1

Kharif is the wet season; Rabi is the dry season

Table 2 Seasonal horizontal flow across the aquifer boundaries for
the hydrological year June 2003 to May 2004

Flow component Kharif (mm) Rabi (mm)

Qin 0.7 1.6
Qout 1.8 0.5
Qin-Qout −1.1 1.1

Kharif is the wet season, Rabi is the dry season

Table 3 Seasonal and annual evaporation from the water table for
the hydrological year June 2003 to May 2004 (after Maréchal et al.
2006)

Kharif Rabi

Seasonal evaporation (mm/season) 1.0 1.3
Annual evaporation (mm/year) 2.3
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evaporation flux is expressed as an inverse power function
of the water-table depth below the surface, independently
of the soil properties and given as

E ¼ 71:9z�1:49; ð4Þ

where z is the depth of the water table (m). Table 3 depicts
the values for this parameter for the hydrological year
2003–2004 and the Kharif (wet) and Rabi (dry) seasons.

Return flow from irrigation
Most of the groundwater in the watershed is pumped for
irrigation purposes. However, the crops use only a fraction
of this pumped water and the remaining volume either
returns to the aquifer by direct infiltration from the
irrigated fields or evaporates to the atmosphere. Return
flow is expressed as a product of the total pumping flows
multiplied by the return flow coefficient (RFC). The return
flow coefficient, depending on the crop type, varies
from 0 to 1. Hence, the total return flow depends on the

Table 4 Seasonal-irrigation return flow for the hydrological year
June 2003 to May 2004

Kharif Rabi

Return flow per season (mm) 32.6 53.7

Fig. 3 Study area with
location of pumped wells and
abandoned wells used as
piezometers
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RFC for the individual crops and the area occupied by
that crop. RF can be determined as

RF ¼ RFC � PG ð5Þ
Because RFC varies from crop to crop, the average

RFC of a given region depends on the area occupied by
the different crops. Table 4 shows the irrigation return
flow in the study area for the Kharif and Rabi seasons
(Maréchal et al. 2006).

In the areas characterized by a monsoon climate type,
maximum rainfall falls during July and September, thus,
dividing the hydrological year into two distinct dry and

wet seasons. This result allows one to divide the
hydrological year into two distinct seasons, and combin-
ing the water-budget Eq. (2) and water-table fluctuation
Eq. (3), the new equation becomes

Rþ RF þ Qin ¼ E þ PGþ Qout þ SyDh; ð6Þ

where two parameters, natural recharge, R, and specific yield,
Sy, are unknown (other flow components are independently
estimated and piezometric fluctuations are measured using
well hydrographs). Therefore, Eq. (6) is applied twice a year
during the dry and wet season to determine both the unknown

Fig. 4 Map showing locations
of the ranked piezometers
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parameters. That is why the method is called the “double
water-table fluctuation” (DWTF) technique. Methodology
details can be found inMaréchal et al. (2006) and this method
overcomes the indeterminacy problem faced by earlier
workers, e.g., Raj (2004).

Methodology of piezometric network optimization

Most of the components, and particularly the recharge and
specific yield, are based on the difference between
piezometric levels, or rather the groundwater levels,
between the post-monsoon and pre-monsoon season. Thus,
evolving a representative and optimal network of wells for
water-level measurement is necessary. There are more than
900 wells in the Maheshwaram watershed of which about
200 are not in use and considered abandoned (Fig. 3).
These abandoned wells constitute a potential piezometers
network and are monitored for the purposes of piezometric
mapping. Because the budget calculation is based on the
double water-table fluctuation (Maréchal et al. 2006),
piezometric measurements are carried out twice a year in
the pre-monsoon (June) and post-monsoon (November)
seasons, the minimum and maximum levels, respectively.

The piezometric survey started in June 2001 with the
number of piezometers increasing from 40 in June 2001 to
155 in June 2003. The entire methodology is based on a
two-step procedure. This methodology is also a top-down

approach that, in general, provides better results than the
bottom-up approach. In the first step, all the water-level
values are used to determine the variability of the water
level using variogram analysis. The obvious removal of
trends or calculation of the variogram in the perpendicular
direction of the mean flow and other factors is considered
to obtain a bounded variogram. After ascertaining the best
estimation of the experimental variogram by selecting an
appropriate lag and tolerance and best fit of the theoretical
variogram, the same variogram is subjected to a cross-
validation test (CVT). The CVT ensures that the vario-
gram represents the true variability of the parameter and it
is able to reproduce the measured values. Both the
removal of one datum value from the set and the
estimation of the same at its measuring location using
the remaining values and the estimated variogram are
used in this analysis. Then the estimated and the
observed values are compared and conditioned by the
corresponding estimation error. On average, if the com-
parison is satisfactory, that means the variogram is able
to reproduce the observed values within the stipulated
norms (Ahmed and Gupta 1989), and the final CVT is
used to analyze the individual values. Based on the
difference between the observed and estimated values,
each point (well) is ranked with a priority number. This
priority index is the priority of their measurements. Thus,
the larger is the difference; the lower is the index,
providing high priority for further measurements (Ahmed

Fig. 5 a Piezometric contour map for the watershed based on measurements from 90 wells (June 2003). b Piezometric contour map for
the watershed based on measurements from 50 wells (June 2003)
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et al. 2003). The well with the smallest difference is
given the highest index, simply because the observed
value at that location is being accurately estimated from
the remaining measurements and, thus, these wells need
not be measured. The highest index will provide lower
preference for further measurement.

The first step in calculating the index was to select the
seasons with the maximum number of piezometers from
where measurements were taken: June 2003 (114 wells),
November 2003 (155 wells), and June 2004 (134 wells).
However, the piezometers used for measurements were
not the same each season due to problems in the field. The
same 90 wells were measured during the three seasons.
Three seasons of data were used for testing the method-
ology. After the three data sets were treated independently
for geostatistical analysis, theoretical variograms were
obtained by fitting the spherical model (Pannatier 1996)
with a linear drift on the 90 selected wells. A linear drift
was selected because the topography affects the values,
with water levels closely following the topography.

Satisfactory fitting of the experimental variogram with
the theoretical model cross-validation test was performed.
This process was carried out for all the three data sets and
based on the average residual for the three cases, a priority
index was assigned to all wells. Therefore, the well with
the highest value of residual was given a priority of 1 and

the well with the lowest value of residual was given a
priority of 90 (Table 5). Therefore, a well having a priority
of 90 will have the minimum difference between the
observed piezometric value and the estimated piezometric
value using cross-validation and, hence, it can be removed
from the monitoring network first, if needed. Similarly, a
well having a priority of 1 will always be a part of the
monitoring network because estimating its value by
kriging shows an unacceptable difference from its ob-
served piezometric value, thereby affecting the mean
piezometric level of the watershed. Figure 4 shows the
different well locations marked according to their priority.
However, one problem was encountered in that the priority
of the monitoring network changed from the pre-monsoon
to the post-monsoon and again in the next pre-monsoon
season because the cross-validation depends on the vario-
gram parameters. These parameters have been selected and
the variogram parameters, in turn, depend on the piezo-
metric values. Because the piezometric level is a dynamic
parameter, the cross-validation results for the three data sets
are not the same. To avoid this difference in cross-
validation results, the residual values obtained from these
results for the three seasons were added and then divided by
3 to calculate an average residual. Then, a resultant priority
was assigned to all the wells so that the monitoring network
remained the same for all the further calculations.

Fig. 6 a Piezometric contour map for the watershed based on measurements from 90 wells (December 2003). b Piezometric contour map
for the watershed based on measurements from 50 wells (December 2003)
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Having assigned a priority to the piezometers, the next
step was the calculation of the mean piezometric level for
June 2003, December 2003, and June 2004. Eighteen sets
of measurements from the network were collected for each
three seasons starting from 90 piezometers to 5 piezom-
eters, each time removing the wells of lower priority, 5 at
a time. Figures 5a,b; 6a,b; and 7a,b show the piezometric
contour maps for the periods of June 2003, December
2003, and June 2004 using 90 and 50 measurements,
respectively, for illustration. These values were incorpo-
rated for the calculation of the water budget and
optimization of the monitoring network according to the
sensitivity of the recharge, specific yield, and annual
water-balance values.

Discussion

Piezometric contour maps for June 2003, December 2003,
and June 2004 seasons were made using measurements
from the network of 90 monitoring wells and then with
85, 80, 75, and so forth from the priority-assigned
monitoring wells. The evolution of mean piezometric
levels when removing different numbers of piezometers
for one hydrological year are shown in Table 6. A
monsoon type of climate that is characterized by a distinct
rainy season lasting from mid June to mid October, is

present over the study area. This feature helps in dividing
the hydrological year into two seasons: the post-monsoon
season (from June to December) and the pre-monsoon
season (from January to May). Because of the rainfall
events in the post-monsoon season, water levels rise.

Fig. 7 a Piezometric contour map for the watershed based on measurements from 90 wells (June 2004). b Piezometric contour map for
the watershed based on measurements from 50 wells (June 2004)

Table 6 Evolution of mean piezometric level when removing
differing numbers of piezometers for one hydrological year

No. of wells June 2003 December 2003 June 2004

90 609.50 618.48 613.48
85 609.48 618.44 613.55
80 609.45 618.39 613.47
75 609.45 618.45 613.38
70 609.48 618.38 613.39
65 609.45 618.82 613.59
60 609.39 618.91 613.55
55 609.75 619.17 613.85
50 609.99 619.67 614.18
45 610.76 620.01 615.05
40 610.28 619.86 614.95
35 610.49 620.42 615.29
30 610.23 619.74 614.90
25 610.35 619.74 614.90
20 609.25 618.65 614.41
15 609.89 619.13 615.34
10 604.95 616.91 611.19
5 608.52 620.99 612.68

All piezometric levels are given in meters above mean sea level.
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During the pre-monsoon season with little or no precip-
itation, water levels decline.

Considering there is no precipitation from December to
June, the recharge component in Eq. (6) can be ignored
and the value of specific yield is obtained precisely. Once
the specific yield is known, the value can be used in
Eq. (6) to calculate the recharge component in the wet
season. The results of the calculations are given in Table 7.
These results correspond to only one hydrological year
from June 2003 to June 2004. High rainfall in the 2003
monsoon has resulted in a positive annual balance.
Eliminating the wells of least priority, as determined by
the cross validation, the accuracy of the water-budget
calculation is maintained. Also, the density of the
monitoring network can be decreased considerably, thus,
saving time and cost for the piezometric surveys.

Figures 8 and 9 show a comparison of the specific
yield, recharge, and the annual balance calculated using
different piezometric networks. Figure 8 shows the value
of specific yield and recharge versus the number of wells.
The values remain relatively constant even when the
piezometric network is reduced to 25 wells. Figure 9
shows the annual balance calculated with differing
numbers of piezometers. From Fig. 9, it can be concluded
that reducing the piezometric network from 90 to 50 wells
can give almost the same results. Therefore, the number of
piezometers to be monitored every season can be reduced
from 90 to 50 without significantly affecting the results.
Figure 10a,b shows the locations of the 90 and 50 wells,
respectively. Some of these piezometers fall outside the
watershed limits. Taking piezometric levels outside the
watershed boundaries is especially important while calcu-
lating the horizontal inflows and outflows across the
watershed limits.

The idea of optimizing a piezometric network and
assigning the priority index with the help of a geo-
statistical cross-validation test is simply that if the
water-level measurement at a particular well could be
reproduced using estimation theory with a higher
accuracy or minimum variance of the estimation error,
then that well need not be measured and can be omitted
from the piezometric network. However, on the contrary, a
water level at a particular well is estimated with a large
error in the form of the variance of the estimation error, so
the water level should be measured at that well and the
well be given a higher priority in the piezometric network.
The top-down approach (reducing the number of wells) is
feasible because in the over-exploited areas, a large
number of wells are already available. The optimal
network has been tested for validity using various
parameters simultaneously, with respect to mean water
level, specific yield, recharge estimation, and the ground-
water balance.

Table 7 Specific yield, recharge, and annual balance calculated
using differing numbers of piezometers

No. of
wells

Specific yield
(dimensionless)

Recharge per
year (mm)

Annual
balance (mm)

90 1.41E-02 166.53 55.93
85 1.42E-02 166.33 55.73
80 1.37E-02 162.82 52.22
75 1.38E-02 164.79 54.19
70 1.36E-02 165.25 54.65
65 1.33E-02 164.88 54.28
60 1.29E-02 161.98 51.38
55 1.37E-02 164.96 54.36
50 1.37E-02 166.99 56.39
45 1.38E-02 167.80 57.20
40 1.38E-02 167.76 57.16
35 1.36E-02 166.34 55.74
30 1.34E-02 166.09 55.49
25 1.42E-02 172.42 61.82
20 1.44E-02 167.06 56.46
15 1.47E-02 163.73 53.13
10 1.48E-02 169.72 59.12
5 1.24E-02 179.71 69.11

Fig. 8 Recharge (in mm)
and specific yield (dimension-
less) versus the number of wells
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Conclusions

The over-exploitation of groundwater reserves has been
common in most parts of the world including India
because of some of the reasons given below including:

– Abundance of agriculture-dominated areas (the agri-
cultural sector consumes the most water)

– Absence of perennial surface-water resources

– Extreme climatic conditions where the rainy days are
limited to around 50 in a year and the rest of the days
are dry

– Arid and semiarid climate
– Cultivation of water-consuming crops

The stress on the aquifers not only poses a quantity
problem in the form of water-level declines but also
affects the quality of water. Thus, it is clear that

Fig. 10 a Location of the piezometers in the analysis with a total number of 90 wells. b Location of the optimized piezometers in the
analysis with a total number of 50 wells

Fig. 9 Annual balance
(in millimeters) versus the
number of wells
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management of groundwater (to strike a balance between
water availability and demand) is essential. For this
management, a precise estimate of each component of
the groundwater cycle is imperative. In the present study,
the various components have been elaborated and calcu-
lated for one hydrological year. This results in providing

the adequate methodology for computing these compo-
nents and the aspect of these calculations in the density of
data and the frequency of calculations. It is obvious that
the higher the density of measurement, the more precise
will be the calculations. At the same time, to have these
calculations at frequent intervals, a huge amount of data is
required. These data requirements threaten the cost-
effectiveness of a project, as well as requiring appreciable
time. Thus, the application of geostatistics in analyzing
each parameter and every measurement point to suit
parameter variability and then assigning a priority index
for measuring or omitting the variability has been useful.
This methodology has been applied to three time periods,
thus, making it suitable for further application in later time
periods. Also, the methodology has been based on and
also tested on different output with respect to mean water
level, specific yield, and the resulting water balance. Of
course, there always is a chance of improving the
piezometric network. The network appears to be optimal
and can be used for further piezometric surveys in
calculating the water balance that is necessary for
predictive modeling, as well as for decision support tools.

It is important to know the position of the wells that have
been selected by optimization, i.e., their position with
respect to the pumping areas or the geology has been
analyzed. In general, areas of high pumping should show a
much higher variation in the water-level fluctuations as
compared to areas with no or minimal pumping. Based on
the annual pumped volume of water, grids of 500 by 500 m
were made and the volume of water abstracted in each grid
was calculated (Fig. 11). There was no value for cells that
did not contain any pumping wells, and also no data are
available for cells outside the watershed. The entire
watershed has been categorized into five classes of pumping:
very low, low, moderate, high, and very high pumping.

The number of piezometers in each of the pumping
categories was counted starting from 90 piezometers to 45
piezometers, and the corresponding numbers in each of
the pumping categories was expressed as a percentage and
have been presented in the form of a bar graph (Fig. 12).

Fig. 12 Percentage of piezometers in the different pumping categories from 90 to 45 wells. Ninety wells have been taken as the standard
and their distribution in each of the pumping categories has been represented in the form of percentage. Then the distribution of piezometers
in each pumping category has been calculated by removing 5 wells every time according to the well priority established using cross-
validation

Fig. 12 Percentage of piezometers in the different pumping
categories from 90 to 45 wells. Ninety wells have been taken as
the standard and their distribution in each of the pumping categories
has been represented in the form of percentage. Then the

distribution of piezometers in each pumping category has been
calculated by removing 5 wells every time according to the well
priority established using cross-validation

Fig. 11 Map showing the distribution of the pumping categories in
the watershed and the location of the piezometers
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This graph gives an overview of the relation between the
pumping zones and the position of the piezometers
necessary to be monitored in each of the categories.

The findings are in accordance with the optimization as
the maximum number of piezometers has been removed
from areas of low pumping and there is no change in the
number of piezometers to be monitored in the highly
pumped areas, even when the piezometers are reduced
from 90 to 50 by optimization.

In a situation when the above methodology is to be
applied to another watershed, it is advisable to have a
detailed investigation of the land-use pattern of the area so
as to demarcate the zones of high pumping. The zones of
high pumping will closely follow the agricultural land,
especially if there is some paddy cultivation in the given
area. The density of piezometers in these zones should be
higher as compared to the zones of low pumping. Care
should be taken that, during the first piezometric set of
measurements in a watershed, the piezometers should be
evenly distributed throughout the area with high density in
the pumped zones. If it is further required, the piezometric
data could be geostatistically analyzed to optimize the
monitoring network for the subsequent years, in other
words selecting the piezometers that have a higher priority
and discarding the others, thereby reducing the time and
cost involved in the subsequent surveys. In addition to the
cost-effectiveness the optimal network also ensures the
minimum time required to monitor this time-varying
parameter and then it becomes logical to assign the values
to a particular time.
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