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Summary A water budget approach is developed to jointly estimate specific yield and natural
recharge in an unconfined aquifer with significant seasonal water table fluctuations. Water
table fluctuations are due to distinct seasonality in groundwater recharge. The separation of
the hydrologic year into two (or more) extended seasons of recharge (wet season) and no-
recharge (dry season) with accompanying changes in water table allows for a split use of the
water table fluctuation (WTF) method, first to estimate specific yield from the water table drop
during the dry season (no recharge) and, second, to estimate recharge from the water table rise
during the wet season, after considering all other water budget components explicitly. The lat-
ter includes explicit computation of groundwater storage with the WTF method. The applica-
tion of the WTF method requires a large number of water level measurements throughout
the unconfined aquifer before and after each season. The advantage of the method is that spe-
cific yield and recharge are estimated at the scale of interest to basin hydrologic studies and
that the method requires no extensive in situ instrumentation network. Here, the method is
demonstrated through a case study in a fractured hard-rock aquifer subject to intensive ground-
water pumping for irrigation purposes.
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Introduction

Quantification of the rate of ground water recharge is a ba-
sic prerequisite for efficient ground water resource manage-
ment (Sophocleous, 1991). This constitutes a major issue in
regions with large demands for ground water supplies, such
as in semiarid areas, where such resources are the key to
.
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agricultural development. However, the rate of aquifer re-
charge is one of the most difficult components to measure
when evaluating ground water resources (Sophocleous,
1991). Its determination in arid and semiarid areas is neither
straightforward nor easy. This is a consequence of the time
variability of precipitation in arid and semiarid climates,
and spatial variability in soil characteristics, topography,
vegetation and land use (Lerner et al., 1990). Moreover, re-
charge amounts are usually small in comparison with the
resolution of investigation methods. The more arid the cli-
mate, the smaller and potentially more variable is the re-
charge flux (Allison et al., 1994).

According to Sophocleous (1991), the main techniques
used to estimate ground water recharge rates can be di-
vided into physical methods and chemical methods (Allison,
1988; Foster, 1988). Among the physical methods, the water
table fluctuation technique (WTF) links the change in
ground water storage with resulting water table fluctuations
through the storage parameter (specific yield in unconfined
aquifer). This method is considered to be one of the most
promising and attractive due to its accuracy, ease of use
and low cost of application in semiarid areas (Beekman
and Xu, 2003). The WTF method was first used to estimate
ground water recharge and has since been used in numerous
studies for the same purpose (Leduc et al., 1997; Moon
et al., 2004) or groundwater storage changes estimation
(Ruud et al., 2004).

The main limitations of the WTF technique are: (1) the
need to know the specific yield of the saturated aquifer at
a suitable scale and (2) the fact that its accuracy depends
on both the knowledge and representativeness of water ta-
ble fluctuations (Beekman and Xu, 2003). In order to deter-
Figure 1 (a) Maheshwaram watershed (53 km2), location of farme
IFP7: observation well whose hydrograph is used on Fig. 3); (b) we
layer limits.
mine the specific yield at a suitable scale, and consequently
the recharge, a double water table fluctuation method
(DWTF) that is a combination of the ground water budget
and water table fluctuation procedures, is employed. It is
illustrated by its application to a case study in an overex-
ploited hard-rock aquifer in India where numerous observa-
tion wells enable an accurate knowledge of water table
fluctuations in such a heterogeneous environment. Special
attention has been paid, in this paper, to accurately esti-
mate all the components of the ground water budget.
Study area

The Maheshwaram pilot watershed (Fig. 1a), 53 km2 in area,
is located 35 km south of Hyderabad (Andhra Pradesh State,
India). The area is characterized by a relatively flat topog-
raphy 590–670 m above sea level and the absence of peren-
nial streams. The region has a semiarid climate controlled
by the periodicity of the Monsoon (rainy or ‘‘Kharif’’ season
from June to October). Mean annual precipitation (P) is
about 750 mm, of which more than 90% falls during the Mon-
soon season. The mean annual temperature is about 26 �C,
although in summer (‘‘Rabi’’ season from March to May)
the maximum temperature can reach 45 �C. The resulting
potential evaporation from soil plus transpiration by plants
(PET) is 1800 mm/year. Therefore, the aridity index
(AI = P/PET = 0.42) is 0.2 < AI < 0.5, typical of semiarid areas
(UNEP, 1992). Surface streams are dry most of the time, ex-
cept a few days a year after very heavy rainfalls during the
monsoon. The geology of the watershed is relatively homo-
geneous and mainly composed of the Archean granite com-
rs pumping borewells in July 2002 (MS: meteorological station;
athering profile of the hard-rock aquifer with mean altitude of
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monly found in the region characterized by remains of an-
cient and more recent weathering profiles. Recent results
(Dewandel et al., submitted) describe a typical weathering
profile (Fig. 1b) comprised of the following layers having
specific hydrodynamic properties. From top to bottom:

• Saprolite (or alterite or regolith), a clay-rich material,
derived from prolonged in situ decomposition of bedrock,
a few tens of meters thick (where the layer is not
eroded). Because of its clayey–sandy composition, the
saprolite layer has a high porosity, and a low permeabil-
ity. When it is saturated, this layer constitutes part of the
storage capacity of the aquifer.

• A fissured layer, generally characterized by dense horizon-
tal fissuring (Maréchal et al., 2003) in the first few meters
and a depth-decreasing density of subhorizontal and sub-
vertical fissures (Maréchal et al., 2004). This layer mainly
assumes the transmissive function of the aquifer and is
tapped by most of the wells drilled in hard-rock areas.

• The fresh basement is permeable only locally, where tec-
tonic fractures are present.

The Maheshwaram watershed is a representative South-
ern India catchment in terms of overexploitation of its
hard-rock aquifer (more than 700 borewells in use), its crop-
ping pattern (rice fields dominating), rural socio-economy
(based mainly on traditional agriculture) and agricultural
practices. Ground water resources face a chronic depletion
that is observable by the drying-up of springs and streams
and a declining water table. Water table is now 15–25 m
deep and is disconnected from surface water: no spring,
no baseflow, no regular infiltration from surface streams
beds is observed.
Methodology

Principle

The employed methodology is based on applying the water
table fluctuation (WTF) method in conjunction with the
groundwater basin water budget method. The water budget
method focuses on the various components contributing to
Figure 2 Schematisation of flow components of the groundwa
Maréchal et al., 2004).
groundwater flow and groundwater storage changes
(Fig. 2). Changes in ground water storage can be attributed
to recharge, irrigation return flow and ground water inflow
to the basin minus baseflow (ground water discharge to
streams or springs), evapotranspiration from ground water,
pumping, and ground water outflow from the basin accord-
ing to the following equation adapted from Schicht and
Walton (1961):

Rþ RFþ Q on ¼ ETþ PGþ Q off þ Q bf þ DS; ð1Þ

where R is total ground water recharge (sum of direct re-
charge Rd through unsaturated zone and indirect and local-
ized recharge Ril, respectively, from surface bodies and
through local pathways like fractures, this point is discussed
in details at ‘‘Natural recharge estimates’’), RF is irrigation
return flow, Qon and Qoff are ground water flow onto and off
the basin, ET is evaporation from water table, PG is the
abstraction of ground water by pumping, Q bf is baseflow
(ground water discharge to streams or springs) and DS is
change in ground water storage.

Due to the significant thickness of the unsaturated zone
overlying the unconfined aquifer in the Maheshwaram basin
– on average more than 17 m – the following simplifications
can be made to the water budget:

• Groundwater discharge to surface water, Qbf, via stream
discharge or springs does not exist (Qbf = 0). All ground-
water discharge is via groundwater pumping.

• Transpiration from the water table is negligible due to
large depth to groundwater higher than the depth of
trees roots evaluated to maximum 10 m in this area from
borewells and dugwells observation. Therefore, this flow
can be neglected and the evaporation (E) from the water
table has been estimated according to the water table
depth using the relation proposed by Coudrain-Ribstein
et al. (1998) for semi-arid areas,

Eq. (1) can be rewritten:

Rþ RFþ Q on ¼ PGþ E þ Q off þ DS. ð2Þ

The main advantage of the ground water budget method
compared to the classical hydrologic budget is that evapo-
transpiration from the root zone of soils – already included
ter budget in a depleted unconfined aquifer (modified after
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in the natural recharge – which usually constitutes a major
component with large associated uncertainties is not pres-
ent in Eq. (2).

The methodology used to determine the unknown ground
water storage is the Water Table Fluctuations method
(WTF), which links the change in ground water storage DS
with resulting water table fluctuations Dh:

DS ¼ Sy � Dh; ð3Þ

where Sy is the specific yield (storage) or the fillable poros-
ity of the unconfined aquifer.

Because the water level measured in an observation well
is representative of an area of at least several tens of square
meters, the WTF method can be viewed as an integrated ap-
proach and less a point measurement than methods based
on very local data in the unsaturated zone for example.
Techniques based on ground water levels are among the
most widely applied methods for estimating recharge rates
(Healy and Cook, 2002). This is likely due to the abundance
of available ground water-level data and the simplicity of
estimating recharge rates from temporal fluctuations or
spatial patterns of ground water levels.

The WTF method, applicable only to unconfined aquifers,
is best applied to shallow water tables that display sharp
water-level rises and declines. Deep aquifers may not dis-
play sharp rises because wetting fronts tend to disperse over
long distances (Healy and Cook, 2002). In the study area,
the monitoring of water table between 2000 and 2003 using
10 automatic water level recorders shows that the aquifer
displays well-identified large seasonal water-level fluctua-
tions due to percolation of water during monsoon period
through a rather thick unsaturated zone and small daily fluc-
tuations due to pumping cycles (Fig. 3). The Kharif season,
during which the water table level rises several meters due
Figure 3 Well hydrograph observed (IFP7; Fig. 1a) in the
study area with seasonal water table fluctuations. The rise of
water table during the Kharif season is general on the whole
basin at the same time (a small delay of several days is
observable according to wells local context).
to rainfall recharge, is followed by the Rabi season during
which the water level drops due mainly to ground water
pumping (Fig. 3). Therefore, the hydrological year can be
divided into two distinct seasons each with a distinct water
level rise or decline. To each of these seasons, the WTF
method can be applied separately.

Combining the water budget Eq. (2) with the WTF meth-
od expressed in (3), we obtain:

Rþ RFþ Q on ¼ PGþ E þ Q off þ SyDh. ð4Þ

As is typical for semi-arid basins with irrigated agriculture,
two terms that cannot be evaluated independently without
extensive in situ instrumentation are the basin-average nat-
ural recharge rate, R and the basin-average, effective spe-
cific yield, Sy. By applying (4) separately to the dry
season, during which R = 0, and to the wet season, we ob-
tain two equations with two unknown parameters:

RFdry þ Q dry
on ¼ PGdry þ Edry þ Q dry

off þ SyDh
dry; ð5Þ

Rþ RFwet þ Qwet
on ¼ PGwet þ Ewet þ Qwet

off þ SyDh
wet; ð6Þ

which can be solved sequentially, first by obtaining Sy by
solving (5), then by solving (6) for R, given the season-spe-
cific values for the known parameters:

Sy ¼
RFdry þ Q dry

on � Edry � PGdry � Q dry
off

Dhdry
; ð7Þ

R ¼ Dhwet � Sy � RFwet � Qwet
on þ Ewet þ PGwet þ Qwet

off . ð8Þ

Eq. (7) known as the ‘‘water-budget method’’ for estimat-
ing Sy (Healy and Cook, 2002), was initially proposed by Wal-
ton (1970) and was afterwards used namely by Hall and
Risser (1993) and Gburek and Folmar (1999). The water-bud-
get method is the most widely used technique for estimating
specific yield in fractured-rock systems, probably because it
does not require any assumptions concerning flow processes
(Healy and Cook, 2002).

Various authors (Sokolov and Chapman, 1974; Sophocle-
ous, 1991) distinguish the terms ‘‘specific yield’’ and ‘‘fill-
able porosity’’ – specific yield being the volume of water
released from a unit volume of saturated aquifer material
drained by a falling water table, whereas fillable porosity
is the amount of water that an unconfined aquifer can store
per unit rise in water table and per unit area. Because of
hysteresis, under some conditions, the fillable porosity can
be smaller than the specific yield (Kayane, 1983). The dif-
ference between specific yield during water table decline
and fillable porosity during water table rise is due to the
presence of air trapped in pore space below the water table
when it rises rapidly (Kayane, 1983). Since entrapped air
disappears with time by diffusion, the fillable porosity is a
function of time and increases towards the value of specific
yield. Therefore, maximum water levels should be mea-
sured at least one month after the rise in order to obtain
the true water table fluctuation for a storage corresponding
to the specific yield value. Therefore, in the study area,
measurements were done in mid-November, more than
one month after the average water level peak had been
reached (Fig. 3). It is assumed that this time interval is
sufficient to allow entrapped air to be evacuated, especially
in a pumped aquifer where induced flow increases air diffu-
sion. Therefore, the specific yield determined using Eq. (7)
can be introduced in Eq. (8).



Figure 4 Water table map in June 2002.
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In the following sections, it is described the methods
used for obtaining the ‘‘known’’ parameters in Eqs. (7)
and (8), which are needed for the estimation of Sy and R.
The flow components are considered to be spatially distrib-
uted throughout the groundwater basin on a 200 · 200 m
cells-length grid with measurements taken from June 2002
until June 2004 (Fig. 5a–d). A Geographical Information Sys-
tem is used to compute all parameters in Eqs. (7) and (8)
cell by cell which are then aggregated at the groundwater
basin scale. Q on and Q off are reliably determined only at
the larger basin scale through the basin boundaries, hence
Sy and R can only be computed at groundwater basin scale.

Water table fluctuation (Dh)

The WTF method requires a very good knowledge of the pie-
zometric level throughout the entire basin. This could be
achieved owing to a very dense observation network (99–
155 wells, Table 1) provided mainly by defunct or aban-
doned agricultural borewells. Sophocleous (1991) pointed
out that the WTF method can be misleading if the water-le-
vel fluctuations are confused with those resulting from
pumping, barometric, or other causes. Continuous (15 min
of recording time interval) monitoring of the water table
using 10 automatic water level recorders has shown, how-
ever, that barometric and earth tides do not affect this
unconfined aquifer and care was taken to avoid any interfer-
ence from pumping wells. No measurements were done in
pumped wells and the rare cases of observed drawdown in
the monitored wells due to interference by nearby pumping
wells are never more than 10–20 cm, which is little com-
pared to water table fluctuations at the seasonal scale (sev-
eral meters). At the same time, the continuous monitoring
of the water table contributes to determine the relevant
time for piezometric campaigns. Standard deviation of the
error on the water table fluctuation measurement has been
calculated by geostatistics (Table 1). Admitting a Gaussian
statistical distribution of errors, it defines the 66% confi-
dence interval of the error. The relative error on water ta-
ble fluctuation logically decreases with the increasing
number of measurements (Table 1). Water table elevations
are computed by difference between ground elevation from
a Digital Elevation Model obtained by a couple of satellite
images stereoscopy treatment (grid resolution: 30 m; accu-
racy: 1 m) and water depth obtained from piezometric mea-
Table 1 Number of piezometric observations, mean water
(November) periods from 2002 to 2004 (mean value of the kriged g

Date Number of piezometric
measurements

M
w

10–21 June 02 99 6

11–22 November 02 107 6

2–11 June 03 114 6

10–21 November 03 155 6

14–25 June 04 134 6
surements. The water table maps were then interpolated
using the kriging technique. The map was then critically
evaluated. The automatic interpolation technique gave sat-
isfactory results owing to the very dense observation net-
work and to the fact that there is no surface water
capable of locally modifying the water table. The map for
June 2002 (Fig. 4) shows that the water table roughly fol-
lows the topographic slope, as is usually observed in flat
hard-rock areas. However, local water table depletion is ob-
served in highly pumped areas where natural flow paths are
modified by ground water abstraction.

Water table levels are fluctuating between 610 and
619 m, which indicates that the water table is always in
the fissured aquifer layer (Fig. 1b).
table elevation for pre-Monsoon (June) and post-Monsoon
rid), water table fluctuations with absolute and relative errors

ean elevation of
ater table (m)

Water table fluctuation (m)

13.5
Dhwet = 1.2 ± 0.27 = 1.2 ± 22.5%

14.7
Dhdry = �4.4 ± 0.35 = �4.4 ± 8%

10.3
Dhwet = 8.3 ± 0.32 = 8.3 ± 4%

18.6
Dhdry = � 5.1 ± 0.23 = �5.1 ± 4%

13.5
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Pumping flow

Paddy fields (rice) and fields of vegetables (tomatoes, brinj-
als, ladies’ fingers (okra), chilies, etc.), flowers and fruits
(mangoes, goya and grapes) are irrigated with ground water
due to the absence of perennial surface water, the low cost
of drilling and free electricity for farmers (according to
implemented regulation policies), the possibility of getting
water near the crops, etc. These crops are irrigated
throughout the year, even during the monsoon season,
albeit at a lower rates.

The annual pumping rate was estimated using two
methods: an inventory of borewells and a land use map
using remote sensing technique.

A database of the borewells existing in the watershed
from June 2002 to September 2002 was created. Nine hun-
dred and twenty-nine wells were located using portable
GPS and the discharge rate of the 707 in use was measured
(rates between 5 and 700 L/min with an average of 130 L/
min). Information about daily duration of pumping, annual
number of pumping days and use (rice, vegetables, flowers,
fruit, grapes, domestic, chicken factories) was gathered in
order to estimate the annual abstracted volume.

The daily duration of pumping depends mainly on electri-
cal power availability and automatic water level recorders
installed in five observation wells enable daily observation
of pumping phases. Observations (6.5, 7.1, 7.4, 6.7, and
6.6 h of pumping per day) are consistent with information
collected from the farmers. Computation of monthly pump-
ing rates at the watershed scale (Table 2) is based on the
average daily pumping duration in five observation bore-
wells and on the discharge rates of the 707 borewells in use.

During the studied period (June 02–June 04), the mean
total annual ground water abstraction estimated using the
well inventory is about 8.8 million m3 (or 165 mm). This va-
lue is in accordance with those evaluated in 1999 using tech-
niques based on census data, agricultural uses of water
(9.1 million m3) and electrical power consumption (9.0 mil-
lion m3) (Engerrand, 2002). Most of the abstracted ground
water is used for paddy fields (87%), whereas domestic con-
sumption, estimated using inventory wells, represents only
about 2% in this rural area. Geographically, pumping is con-
centrated in lower elevation zones, on flat areas allowing
agriculture and close to the villages (Fig. 5a).

A land use map has been made from a infra-red satellite
image (image-resolution: 20 · 20 m) acquired in January
2002 during the Rabi season 2002. Since paddy fields con-
sume,by far,most of the groundwater abstracted in thearea,
special attention was paid to accurately evaluating their sur-
face area. A total area of about 209 ha was found for this per-
iod. In order to convert the total paddy field area into ground
Table 2 Ground water abstraction according to use

Hydrological year: June 02–June 03

Usage (area): Kharif (mm)

Rice (2.1 km2 in Rabi) 75.8 ± 3.8
Vegetables and flowers (0.35 km2) 1.3 ± 0.1
Fruits and grapes (1.02 km2) 4.1 ± 0.2
Domestic and chicken poultries (–) 3.1 ± 0.2

Value in mm per season (and absolute error) at the basin scale, from
water abstraction, it was necessary to estimate the mean
daily pumpedwater need per squaremeter of paddy field dur-
ing the same period. Therefore 11 paddy fields were surveyed
in order tomeasure thewater requirements during this period
andduring theKharif season2003. For bothperiods, relatively
good linear relationships were found between the irrigated
paddy surface and the daily pumped water. This means that
farmers size their paddy fields according to their borewell
yields. Requirements differwith seasons: during the Rabi sea-
son, about 15 mm of pumped water is required daily for the
field while only about 10 mm is needed during the Kharif sea-
son because of the additional contribution of monsoon rain-
fall. Given the moderate decrease of ground water
abstraction from Rabi to Kharif periods (Table 2), the contri-
bution of rainfall allows farmers to extend the size of their
paddy fields during the Kharif season.

With a 15-mm/day water requirement during the Rabi
2003, 209 ha of paddy fields required about 4.2 million m3

(80 mm), confirming the value of about 4.4 million m3

(83 mm, Table 2) estimated using the well inventory. This
means that the relative error on groundwater abstraction
for rice can be considered to be about 5%.

Return flow from irrigation

Since most of the water pumped in the basin is used for irri-
gation, a large part of it can return to the aquifer by direct
infiltration. This may lead to high irrigation return flow. In
some cases, e.g. in paddy fields, more than 50% of the
pumped water returns to the aquifer (Jalota and Arora,
2002). Therefore, a water budget method has been applied
in order to determine irrigation return flow from the irri-
gated crops at the watershed and seasonal scale, i.e. for
rice, vegetable and flower fields. However, for fruit and
grapes, irrigation return flow was not calculated since these
crops use drip irrigation techniques that eliminate irrigation
losses. No return flow was thus assumed. The principle of
the method is here briefly described.

The model is based on the daily variations of water stock
present in the field. The water balance is (Chen et al.,
2002):

PGþ P ¼ ETRþ RFþ Dþ dw; ð9Þ

where PG is the pumping flow, P the rainfall, ETR the evapo-
transpiration of irrigated crops, RF the irrigation return
flow, D the overflow (runoff) and dw the change in ponded
water depth or water storage in the soil profile; all in
mm/day. Lateral seepages across the field edges are as-
sumed to be nil.

Runoff (D) was assumed to occur when surface storage ex-
ceeds a water depth that corresponds to themean field edge.
June 03–June 04

Rabi (mm) Kharif (mm) Rabi (mm)

83.4 ± 4.2 62.5 ± 3.1 108.7 ± 5.4
1.7 ± 0.1 1.2 ± 0.1 1.6 ± 0.1

10.0 ± 0.5 3.8 ± 0.2 9.4 ± 0.5
4.2 ± 0.2 3.3 ± 0.2 4.0 ± 0.2

June 2002 to June 2004.



Figure 5 Spatially distributed flow component maps; (a) volume (m3/year) pumped from the aquifer during Rabi 2003 (November
02–June 03); (b) irrigation return flow (m3/year) during Rabi 2003 (November 02–June 03); (c) horizontal flows (mm/year) across
the limits of the watershed during Rabi 2003 (November 02–June 03); (d) annual ground water balance expressed as water table
fluctuation (m/year) between June 2002 and June 2003.
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Irrigation return flows (q) are computed using the Darcy–
Buckingham equations (Buckingham, 1907) for one-dimen-
sional flow that consider the flow theory in non-saturated
and saturated media:
q ¼ �KðhÞ � dh

dz
� 1

� �
for unsaturated profile ð10aÞ

or
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q ¼ �Ks �
dh

dz
� 1

� �
for saturated profile, ð10bÞ

where z [m] is the depth, h [m] the pressure head, Ks [m/s]
the soil hydraulic conductivity at saturation and K(h) [m/s]
the unsaturated hydraulic conductivity of the soil.

Water-retention, h–h, and the k–h curves for the differ-
ent soil types are estimated using the power law models of
Brooks and Corey (1964).

The pressure head, h, is further a function of moisture
content (h):

h
hs
¼ H ¼ hbc

h

� �k

; ð11Þ

where H [–] is the saturation index, h [m3/m3] the moisture
content, hs [m

3/m3] the moisture content at saturation, hbc
[m] is the air entry suction, and k [–] a texture-dependent
dimensionless soil parameter that depends on the pore-size
distribution.

The unsaturated hydraulic conductivity is a function of
saturation index:

KðhÞ
Ks
¼ Hg; ð12Þ

where g [–] is the pore-disconnect-edness index, a dimen-
sionless parameter function of k and a parameter function
of the soil tortuosity, s.

g ¼ 2

k
þ 2þ s. ð13Þ

Values of s depend on the chosen capillary model, in this
case, the Burdine model (s = 1, g ¼ 2

k þ 3).
Calculation of h is done at daily time-step using the con-

tinuity equation:

oh
ot
¼ oq

oz
. ð14Þ

For saturated profile the left-hand side of the above equa-
tion is zero. For unsaturated layers, the rate of change of
h is calculated from a linearized form of this equation. After
each time-step, the new h is calculated by subtracting the
outflow from the inflow during that time-step, dividing the
difference by layer thickness, integrating the resulting rate
of change over time-step, and adding the change to the pre-
vious h value. For the next time-step, the pressure head h
corresponding to the new moisture content is assessed
again, and the whole procedure is repeated.

The hydraulic properties of the different soil types (e.g.
Ks, hs and hbc) have been assessed by field measurements
Table 3 Seasonal irrigation return flow coefficients (CRF = RF/PG
flower fields from June 2002 to June 2004

Period CRF in rice (%) CRF in

Return flow
Kharif

Return flow
Rabi

Return
Kharif

June 02–June 03 40 ± 3.6 44 ± 1.7 15 ± 2.
June 03–June 04 51 ± 4.6 48 ± 1.8 18 ± 2.

CRF_Total: for all ground water abstraction, i.e.: rice, vegetables, flow
(De Condappa, 2005). As an average, rice soils are sandy
clay loam with Ks: 2.5 · 10�7 m/s, hs: 0.40 m3/m3, hbc:
0.14 m and k: 0.148; the other crops soils are sandy loam
soil with Ks: 4.2 · 10�6 m/s, hs: 0.37 m3/m3, hbc: 0.03 m
and k: 0.09.

All calculations are done at a daily time step.
Computation of daily PG at the watershed scale is based

on the daily duration of pumping (see ‘‘Pumping flow’’) and
on the seasonal water requirements of the field assessed
during a field survey (see ‘‘Pumping flow’’ for rice,
7.7 mm/d for the vegetables and 4.9 mm/d for the flowers).
Therefore it is assumed that for each season the mean sea-
sonal PG does not vary significantly (e.g. for rice all Rabi
seasons have a mean PG of 15 mm/d).

Daily evapotranspiration of irrigated crops (ETR) has
been computed according to the FAO method (Allen
et al., 1990).

The error on irrigation return flow coefficients (CRF = RF/
PG) has been evaluated according to the error introduced by
PG (5%, see ‘‘Pumping flow’’) and to the variability of the
soil saturated hydraulic conductivity (e.g. for rice soil:
10�7–4 · 10�7 m/s), error on CRF due to other hydraulic
parameters being negligible when compared to the error
introduced by the uncertainty on soil saturated hydraulic
conductivity.

Table 3 gives the average value of irrigation return flow
coefficients for the different seasons from June 2002 to
June 2004 with their absolute errors. Since climate condi-
tions and pumping flow fluctuate, the return flow coeffi-
cient is variable with seasons. The mean value of the rice
irrigation return flow coefficient is about 48%, which is com-
parable to values found by previous studies in various re-
gions of Southeast Asia: 51% in Northern India (Jalota and
Arora, 2002) and 59% in Taiwan (Chen et al., 2002). The esti-
mated return flow coefficient is also consistent with the one
evaluated by APGWD (1977) for paddies on granitic rocks
(60%). For vegetables and flowers, the mean CRF is about
17%, a value similar to the one proposed by CGWB (1998)
(20%). No data are available for domestic and chicken poul-
tries, but since return flow probably exists, a value of 20%
was assumed for the coefficient.

Therefore, a large proportion of the water pumped
(�40%, CRF Total; Table 3) returns to the aquifer. The only
water that does not return to the aquifer is that which evap-
otranspires from crops and soils. The map of spatially dis-
tributed irrigation return flow was calculated applying the
estimated CRF to each of the pumping rates according to
their uses (Fig. 5b).
) and absolute errors for paddy fields (rice) and vegetable and

vegetables + flowers (%) CRF total (%)

flow Return flow
Rabi

Return flow
Kharif

Return flow
Rabi

1 10 ± 0.8 37 ± 3.3 38 ± 1.4
5 15 ± 1.1 46 ± 4.1 42 ± 1.6

ers, fruit, grapes, domestic and poultries.



Table 4 Seasonal horizontal flow across the boundaries of the watershed (Qon: horizontal in-flow, Qoff: horizontal out-flow)

Hydrological year: June 02–June 03 June 03–June 04

Season: Kharif (mm) Rabi (mm) Kharif (mm) Rabi (mm)

Q on 1.1 1.5 0.7 1.6
Q off 1.1 1.8 1.8 0.5
Q on � Q off 0.0 ± 1 �0.3 ± 1 �1.2 ± 1 1.1 ± 1

Maximum relative error of 100% (i.e. 1 mm) is assumed.
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Horizontal flow across the boundaries of the
watershed

Flow was computed using a finite-differences model (Mod-
flow) with hydrodynamic and geometry properties acquired
on the basin, in order to obtain a spatial distribution of flows
on the grid of square cells (Fig. 5c and Table 4).

Low in-flow occurs mainly across the southern border of
the watershed due to the regional south–north gradient
linked to the regional topographical slope (Figs. 4 and 5c).
In-flow from the west and east is due to water table deple-
tion near the boundaries, induced by pumping wells. The
balance between horizontal in- and out-flow is close to
nil. As expected, in this flat hard-rock aquifer, the regional
water table being sub-parallel to regional topography,
ground water flow through the boundaries of the surface
watershed are negligible. Disturbance of natural flow by
pumping does not significantly affect this context due to
the fact that effects statistically nullify each other, in the
case of regular distribution.
Results and discussion

Specific yield estimates

Basin-wide effective specific yields obtained from (7) were
0.014 ± 0.003 for both dry seasons (Table 5). Because these
values reflect an effective basin-wide process, they are
insensitive to local heterogeneities in the fractured rock
aquifer system, in comparison with locally obtained values
using lab samples or local aquifer testing, which are highly
variable and relatively unreliable (Bardenhagen, 2000).
Therefore, for water resource assessment at the watershed
scale, this methodology for specific yield estimation is much
more sound than the aforementioned punctual techniques.
Error on specific yield (�20%, Table 5) has been computed
cumulating all the sources of errors described above.

The specific yield obtained is realistic for fissured granite
and is of the same order of magnitude as values estimated
at the sub-basin scale through global modeling (one value:
0.01, Engerrand, 2002) and at the well scale using pumping
data in the fissured layer itself (six values with an average of
6.3 · 10�3, Maréchal et al., 2004). Higher values obtained
Table 5 Ground water budget during the Rabi seasons, estimati

Season Date RFdry (mm) PGdry (mm) Ed

Rabi 2003 November 02–June 03 37.9 ± 3.2 99.3 ± 5 0.
Rabi 2004 November 03–June 04 53.7 ± 3 123.8 ± 6.2 1.
with the water budget method can be explained by the fact
that the upper part of the weathering cover (saprolite with
specific yield much higher than in the fissured zone, Chilton
and Foster, 1995) can be partially saturated in some areas
after Monsoon, which increases the global storage at the
watershed scale. Heterogeneity effects can also explain this
apparent increase of Sy with scale.

It is generally assumed that specific yield varies with
depth – especially in hard-rock aquifers where fracture
density and porosity change with depth, namely between
the different layers constituting the aquifer (Maréchal
et al., 2004; Dewandel et al., submitted). Water budget re-
sults in 2002 and 2003 seem to indicate that the specific
yield does not vary. In fact, the water table is located
mainly in the fissured layer of the aquifer (Fig. 1b) and
water table fluctuations are small enough so that the water
table remains in the same portion of the aquifer, character-
ized by a constant specific yield.
Natural recharge estimates

Eq. (8) was used to estimate natural recharge (Table 6).
Natural recharge is determined at the watershed scale,
not cell by cell like other budget components, and is there-
fore not spatially distributed. Relative error on natural re-
charge (22–24%, Table 6) has been computed cumulating
all the sources of errors described above.

At Table 6, the recharge is compared to precipitation
during the monsoon (seasonal rainfall) between June and
November. During both hydrological years of monitoring,
the recharge coefficient R/P varies between 0.13 and
0.19. This is similar to recent results obtained in India under
the same climate conditions for a coastal aquifer in Karna-
taka (0.13–0.24, Rao et al., 2004), an alluvial aquifer in Ut-
tar Pradesh (0.06–0.19, Kumar and Seethapathi, 2002) and
the value assumed by CGWB (1998) for hard-rock aquifer
(0.12). Its fluctuation, year to year, depends mainly on
the intensity and temporal distribution of rainfall events
during the monsoon. Notice that the recharge coefficient in-
creases with the number of rainy days during the monsoon
(Table 6).

Total recharge can be divided into three main compo-
nents (Lerner et al., 1990): direct recharge Rd (by direct
on of specific yield and absolute errors

ry (mm) Q dry
on � Qdry

off ðmmÞ Dhdry (m) Sy (–)

6 ± 1 �0.3 ± 1 �4.4 ± 0.35 0.0140 ± 0.0029
3 ± 1 1.0 ± 1 �5.1 ± 0.23 0.0138 ± 0.0027
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vertical percolation through the vadose zone – saprolite,
Fig. 1b), indirect recharge Ri (percolation to the water table
through the beds of surface-water courses, close to nil in
the study area due to absence of water in surface streams)
and localized recharge Rl (various-scales pathways such as
those formed by shrinkage cracks, roots, and burrowing ani-
mals, trenches, dugwells, brick factories and caused by ma-
jor landscape features.

In the WTF method for recharge evaluation, no assump-
tions are made concerning the mechanisms by which water
travels through the unsaturated zone. Hence, the presence
of preferential flow paths (indirect or localized recharge as
defined above) within the vadose zone in no way restricts its
application to evaluation of total recharge. The estimated
recharge flow includes all recharge types. This point is illus-
trated in Fig. 6 where the total recharge R calculated using
the WTF technique is compared to estimates of recharge
using tritium injection tests on the same type of lithology
(granite and gneiss) in semiarid regions of India (Rangarajan
and Athavale, 2000; Sukhija et al., 1996). Tritium injection
tests enable an estimation of only one part (direct recharge
Rd) of the total recharge R by interpretation of artificial tra-
cer transfer through the soils after an injection of tracer be-
fore the monsoon. Rangarajan and Athavale (2000) have
shown a linear relationship between direct recharge and
seasonal rainfall in hard-rock regions of India. The regres-
sion line suggests that a certain minimum seasonal rainfall
(about 250 mm) is required for initiating deep percolation
and recharge to the phreatic aquifer system. As a compari-
son, in various lithological and morphological contexts in
South Africa, Botswana and Zimbabwe, the regional re-
charge is very low where rainfall is less than 400 mm/year
(Selaolo, 1998 cited in De Vries and Simmers, 2002). This
can be considered as the minimum rainfall required for
recouping the soil moisture deficit in the vadose zone (Rang-
arajan and Athavale, 2000). Recharge does not vary a lot for
the same seasonal rainfall (Fig. 6). This means that signifi-
cant recharge does not result from infrequent large events
and that describing mean annual recharge as a proportion
of seasonal rainfall is valid in such a context. Inversely, such
a statement cannot be made in a similar climatic context in
South Africa, Botswana and Zimbabwe where recharge var-
ies by a factor of up to 100 for the same seasonal rainfall
(Selaolo, 1998).

Both black triangles in Fig. 6 corresponding to the esti-
mated total recharge at the Maheshwaram basin scale are
higher (compared to the 95% confidence interval of the lin-
ear regression) than the recharge expected from the linear
regression. This is really significant for 2003 because the
discrepancy in 2002 is almost in the range of the error.
This difference could be due to the contribution of indirect
and localized recharge (Ril = Ri + Rl) to the total recharge.
This contribution can be estimated by subtracting direct
recharge (roughly estimated using the linear relationship
with the observed seasonal rainfall) from total recharge
(obtained with the WTF technique). For both years of
available data, indirect and localized recharge accounts
for about 30–40% of total recharge (Table 7). The indirect
recharge Ri should be small in the watershed as stated
above. Consequently, most of the additional recharge
probably corresponds to localized recharge at various
scales (Ril � Rl).



Table 7 Estimation of recharge types

Year Annual rainfall
(mm)

Seasonal rainfall
(mm)

Total recharge
(mm)

Directa recharge
(mm)

Indirectb and localized
recharge (mm)

Indirect and localized
recharge (%)

2002 613 543 70.5 ± 15.8 �49 �21 �30
2003 889 824 156.5 ± 37.5 �98 �59 �38
a Direct recharge is estimated using the relation Rd = 0.172 · P � 44.
b Indirect and localized recharge are estimated by difference between total and direct recharge.

Table 8 Ground water balance during two hydrological cycles

Year Annual
rainfall

R
(mm/yr)

RFTOT
(mm/yr)

PGTOT

(mm/yr)
ETOT
(mm/yr)

QonTO � QoffTOT

(mm/yr)
BAL
(mm/yr)

DhTOT (m)

2002–2003 613 70.5 ± 15.8 68.9 ± 7.8 183.5 ± 9.2 1.1 ± 2 �0.3 ± 2 �45.5 ± 9 �3.2 ± 0.62
2003–2004 889 156.5 ± 37.5 86.3 ± 7.6 194.6 ± 9.7 2.30 ± 2 �0.1 ± 2 +45.8 ± 8 +3.2 ± 0.55
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Figure 6 Rainfall-recharge (Rd: direct recharge; Ril: indirect and localized recharge; R: total recharge) relationship in granite and
gneiss. Andhra-Pradesh, Southern, Central and Northern India direct recharge estimated using tritium injection (Rangarajan and
Athavale, 2000; Sukhija et al., 1996).
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Annual ground water budget

The ‘‘double water table fluctuation method’’ consists in
aggregating dry and rainy seasons water budgets. The annual
ground water balance was calculated from June 2002 to June
2004 (Table 8) and we see a respective deficit and excess of
water due to discrepancies between annual rainfall and an
average rainfall of about 740 mm/year (average in Mah-
eshwaram since 1985). Considering the uncertainty on the
components of the budget, this suggests that the balance
should be lightly negative for an average rainfall. Historical
water level data shows a global depletion of the aquifer at
a rate of about onemeter per year in pumped areas, confirm-
ing that the overexploitation threshold has been reached in
such areas. Moreover, given the abstraction rate in the ba-
sin, any deficient monsoon (the 2002 monsoon, for example)
causes a significantly negative balance followed by a drop in
the water table, which can be fully or only partially replen-
ished by the next heavy monsoon. In spite of the fact that the
pumping areas represent only 25% of the 1324 cells of the ba-
sin (Fig. 5d), the entire balance is negative.
The importance of irrigation return flow (RF) justifies the
need for accurate techniques for its determination. Its rel-
ative importance will guide ground water sustainability
solutions because any reduction in pumping triggers a corre-
sponding reduction in ground water recharge from irrigation
drainage. Regarding cropping pattern changes, choices
should be guided by the same constraint: to halt water table
decline beneath these ground water-irrigated areas, evapo-
transpiration must decrease. Therefore, sustainability (de-
fined as stabilizing ground water levels) begins not with
reducing irrigation pumping per acre, but rather with reduc-
ing the total acreage of irrigated land (Kendy, 2003) or
changing the cropping pattern in order to decrease the total
amount of evapotranspiration at the watershed scale.
Conclusions

The advantage of the proposed method is that specific yield
and recharge are estimated at the scale of interest to basin
hydrologic studies and that the method requires no



292 J.C. Maréchal et al.
extensive in situ instrumentation network. This methodol-
ogy enables to overcome the main limitation of the classical
WTF technique, i.e. unknown specific yield, by determining
it at the suitable watershed scale and within an acceptable
range of uncertainty according to the available observation
network. Obviously, the accuracy of the technique in-
creases with the number of measurements on the water ta-
ble. Therefore, this technique is well suited to developing
countries and semiarid areas, where the presence of many
agricultural dugwells and borewells throughout a basin pro-
vides a high-density observation network. For economic rea-
sons, it is important to optimize the amount of piezometric
data needed to guarantee an acceptable accuracy in the
application of this methodology. Therefore, a geostatistical
approach combined with hydrogeological information must
be used in order to assess the impact of observation well
density reduction on water budget calculations and there-
fore optimize the density and observation well distribution.
This will be the subject of a future publication.
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