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Study region: The off-stream artificial Bar lake, built in 2015 to store the flood flows of the Bar
river for domestic and industrial needs and with the objective to intentionally recharge the
aquifer, is situated in the Razavi Khorasan province (Iran).

Study focus: We present a methodology, based on the combination of a MODFLOW groundwater
flow model for estimating seepage rates, and an optimization model, for the management and
operation of an artificial reservoir considering surface/groundwater interactions for satisfying 12
Mm?®/year of water demand. We simulated the reliable amount of water that can be supplied
from the reservoir, considering reservoir seepage, maximizing water supply yields subject to the
water supply reliability requirements, and the additional intentional volume of groundwater
recharge.

New hydrological insights for the region: Our results demonstrate the reliability of conjunctive use
of surface-and ground-water in water scarce areas by exploiting reservoir infrastructures with
relevant leakage losses, also for creating additional aquifer storage. In such systems, man-induced
changes of lake stages can significantly affect the volume of water that seeps through the lakebed.
The aquifer, under managed aquifer recharge operations, may then provide the resource not
satisfied by the reservoir release, fulfilling 100 % reliability of water supply. The conjunctive use
of surface- and ground-water, by improving water security, may open new sustainability views
for leaking reservoirs, even if they were not initially designed for increasing aquifer recharge, in
many areas worldwide.

1. Introduction

In water scarce/arid areas, optimizing the use of different sources of water is beneficial to the various user sectors and for
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ecosystem’s conservation. To this regard, conjunctive use of surface water and groundwater resources, the coordinated use of these
water resources over time and space as two components of a single system (FAO, 1995; Blomquist et al., 2001), may be considered a
relevant solution to optimize the water demand/supply balance for achieving sustainable water resource management (Scanlon et al.,
2016; Song et al., 2020; Iwanaga et al., 2020). In the case of surface water reservoirs, part of the stored surface water may be released
and then infiltrated in managed aquifer recharge schemes for aquifer replenishment downstream of the reservoir (Dillon et al., 2019;
Zammouri and Feki, 2005). However, some reservoirs, as in the case of off-stream reservoirs, may show large seepage rate, generating
de facto aquifer recharge, and the potential for taking advantages of the additional (underground) storage. This amount of recharged
water may complement the water released from the reservoir to meet the water demand request. In such cases, optimal management
of water demand requires considering reservoir system operations taking into account the aquifer recharge rate.

Few works in literature address the optimization of combined operational management of reservoir with large amount of seepage
loss and groundwater to satisfy water demand. Managing the reservoir interactions with the aquifer and the uncertain inflow to the
reservoir at the same is an actual challenge. Therefore, appropriate methodologies and models well accounting for the reservoir/
groundwater interactions are needed (Ghobadi et al., 2005; Feinstein, 2012; Dogrul et al., 2016; Song et al., 2020) in order to provide
an operational framework and to fully demonstrate the concept of conjunctive use of surface water and groundwater.

To this aim, optimization techniques are powerful tools for managing and operating complex water resources systems (Labadie,
2004; Jothiprakash et al., 2011; Ahmad et al., 2014). At the same time groundwater flow numerical modelling provides reliable
approaches for estimating surface/groundwater interactions (Genereux and Bandopadhyay, 2001; Hunt et al., 2003; Mylopoulos
et al., 2007; Yihdego and Becht, 2013; El-Zehairy et al., 2017 and Cannata et al., 2018). The combined use of optimization tools and
numerical models may allow to optimize release from the reservoir including the surface water/groundwater component (to evaluate
infiltration through the lake bed).

For managing a reservoir with high amount of seepage, the model simulating surface water/groundwater interactions may then
be embedded into the optimization model. In real cases, however, embedding numerical models directly into the optimization model
is complex and causing high computational cost (Joodavi et al., 2017; Razavi et al., 2012; Castelletti et al., 2012). Therefore,
regression models and artificial neural networks may be used as a surrogate for the computationally expensive embedded method
(Pan et al., 2016; Chen et al., 2017, 2018).

In this paper, we present a methodology, based on the combination of numerical groundwater flow simulations and reservoir
operation optimization models: we developed an optimization model for the management of the off-stream Bar reservoir operation
(Iran), including lakebed seepage and random inflow to the reservoir, in order to satisfy water demand for a total amount of 12 Mm?/
year for drinking and industrial purposes In this method, the reliability of releases from the reservoir is also considered.

2. Materials and methods

Three major steps were undertaken to complete the study (Fig. 1): (i) detailed hydrogeological characterization of the study area,
(ii) the development of a numerical groundwater flow model, and (iii) the development and application of an optimization model for
the management of the Bar reservoir operation (including the seepage from Bar reservoir to the underlying alluvial aquifer). The
calibrated groundwater flow model (run for 2017-2018 period) was used to obtain a leakage function that was then embedded to the
reservoir mass balance equation in the optimization model. As the proposed optimization model is nonlinear and nonconvex, a
genetic algorithm (GA) is used to solve this optimization model. The optimization model was then run for 66 years on monthly basis
to derive optimal water supply considering the reservoir release and groundwater withdrawal.

2.1. Study area

The off-stream artificial Bar lake is situated in the Razavi Khorasan province in Iran, about 23 Km north west of Neishaboor City
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Fig. 1. Flowchart of the proposed methodology for developing optimization of reservoir operation.
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Fig. 2. Location and geologic map of the study area.

(Fig. 2). The reservoir was built in 2015 to store the flood flows of the Bar river for water supply for domestic and industrial needs and
with the secondary objective to intentionally recharge the aquifer (Abpooy consulting engineers company, 2019). The advantage of
the off-stream design of the Bar artificial reservoir is that it prevents the problem of storage loss due to sedimentation associated with
in-stream surface water storage (Pan et al., 2016).

The scheme includes a reservoir area created by two dams located on an alluvial unconfined aquifer, a water intake weir, a
waterway that connects the water intake to the reservoir, and spillways and other outlets (Fig. 2). Average annual flow of the river at
the water intake weir is about 20 Mm?>, while the capacity of the reservoir is about 23.5 Mm?, and the maximum reservoir area is
about 2 km?.

Daily historical records for the river flow and climatic data, e.g. precipitation, pan evaporation, and air temperature are available
for the area from 1953 to 2018. The mean annual temperature, evaporation and precipitation at the Bar reservoir are 12.8 °C, 1370
mm and 233 mm, respectively, for this period (Abpooy consulting engineers company, 2019). Table 1 presents average monthly
rainfall data for the period 1953-2018. Fig. 3 shows the monthly aggregated inflow and precipitation data. Fig. 4 shows statistics of
66-year monthly inflow time-series from 1953 to 2018. Because of the semiarid climate of the study area, river flows available for
diversion to the reservoir vary seasonally and annually. Maximum monthly river discharge occurs between March and June, peaking
in April (ranging from 0 to 28.4 Mm®/month in different years; Fig. 4a/b). These months anyway show also the largest variability in
discharge values (Fig. 4c). Droughts and extended periods of low flows (Fig. 4d) caused serious water shortages in the basin, forcing
the local water management authority to build the Bar reservoir and to develop a plan for installing groundwater pumping facilities.
This conjunctive water use strategy requires coordination between reservoir releases and groundwater withdrawals in order to
minimize the slacks in water supply, especially in dry periods.

Table 1
Average monthly rainfall data for the period 1953-2018.
Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sep.
Rainfall (mm) 4.27 15.94 23.51 29.73 37.13 40.52 42.65 27.44 8.54 1.15 1.08 1.25




A. Joodavi, et al. Journal of Hydrology: Regional Studies 31 (2020) 100725

T

2

m”ru T

16 A

»

Inflow (MCM)
]

4+
s

- 200

w

101 151 201 251 301 351 401 451 501 551 601 651 701 751
Tiwe (wonth)

Fig. 3. Monthly inflow and rainfall data distribution for Bar reservoir (1953-2018; MCM = 10° m®).
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Fig. 4. Descriptive statistics for the 66-year time-series for Bar river. a) box plot for monthly inflow; b) mean monthly inflow; c) standard deviation;
d) percentage of zero flows.

2.2. Hydrogeological setting and conceptual model

Thirty-two boreholes, permeability tests, hydrogeological information and geophysical investigations provide information on
aquifer lithology, thickness and hydraulic conductivities. Based on such data, the groundwater flow system of the study area can be
conceptualized as a one-layer unconfined alluvial aquifer, whose thickness ranges from 1 to 100 m (Fig. 5). The unconfined aquifer
was formed in a buried valley and it is composed mainly of fine, medium, and coarse sand, and a little clay and loam in the central
area of the valley (beneath the lake, QtI in Fig. 2). Apart from the central area of the reservoir, the percentage of clay in the aquifer
material (Qtl) increased and the sediments are composed of loam with some sandy clay, clay, and argillaceous material. The hy-
draulic conductivities of the aquifer range from 0.1 m/day in the south-western area of the lake up to 8 m/day beneath the lake. The
aquifer is bounded by impervious marl and conglomerate layers (Mm and PLOc in Fig. 5) in the north-eastern area of the lake,
whereas the conglomerate layers in the south-western area are moderately weathered and semi-permeable.

Groundwater level data are available from 26 observation wells located around the lake (Fig. 6). The main groundwater flow
direction is from north-east to south-west. As said, the reservoir bed is covered by silt with a fraction of clay materials, but still
sufficiently permeable to hydraulically link the reservoir to the alluvial aquifer.

The data show the variability of the lake stage affects the groundwater flow system by causing a general groundwater head
increase in the system (Fig. 7). At high stages, the lake induces seepage into the groundwater system causing the water table to rise.
Hence, the water level of the reservoir is always higher than the water table (Fig. 7) in the surround, and it is unlikely that
groundwater discharges into the lake. Because of the spatio-temporal lakebed-seepage pattern, a function of water level in the
reservoir and hydraulic properties of the lakebed and the aquifer materials, optimal management of the reservoir considering water
demand requires taking into account the aquifer recharge rate.
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2.3. Groundwater flow simulation model setup and calibration

We analyzed the lake-aquifer interactions implementing a groundwater flow numerical model by means of the FREEWAT soft-
ware (Rossetto et al., 2015; De Filippis et al., 2017; Foglia et al., 2018;) using the MODFLOW-2005 code (Harbaugh, 2005).
FREEWAT is a free and open source platform, QGIS-integrated, for planning and management of ground- and surface-water resources.
FREEWAT provides tools for archiving, analyzing and processing the groundwater data and information (e.g., sensor and field data on
groundwater levels and hydrochemical data; Criollo et al., 2019; Cannata et al., 2018) along with post-processing tools for visua-
lization and analysis of the model results. MODFLOW is one of the widest used model in the world for numerical simulation of
groundwater flow in aquifers. It solves the groundwater flow equation in three dimensions using a finite difference scheme. The
FREEWAT software has been applied at several case studies; details may be found in, i.e., De Filippis et al., 2020; Perdikaki et al.,
2020.

Data for a 328-day period (14 February 2017 to 7 January 2018), including inflow to the reservoir, precipitation, evaporation,
water level in the reservoir and groundwater levels were used. The reservoir was almost empty at the beginning of the investigated
period. In this condition the unsaturated zone is 15 m thick.

The active modelling domain includes 669 cells with a resolution of 75 x 75 m (Fig. 8) and it covers an area of 3.76 Km?. As far as
boundary conditions, the marl outcrops on the north-eastern side of the lake was considered as no-flow boundary. In order to
represent the interactions of the modelling domain with the external area, a specified head boundary was assigned along the other
boundaries of the active domain. The specified head data was obtained from the observation wells located around the lake (Fig. 8).
No-flow boundary was also set at the bottom of the aquifer. Water exchange between the lake (reservoir) and the aquifer was
simulated using the MODFLOW River (RIV) Package. This package requires information on head-stage, the elevation of the lake
bottom, the vertical hydraulic conductivity and thickness of the lake bed material, as well as the areal extension of the lake bed. From
these data, a conductance value is obtained. As many of the above-mentioned information are not easy to gather via experimental
means, the optimum value of the conductance was estimated during the calibration process.

The simulation covers the period between 14 February 2017 to 7 January 2018, divided in 328 daily transient stress periods. The
groundwater flow model calibration was accomplished using a combined trial and error and automated parameter estimation (using
the PEST code; Doherty, 2016) approach (La Vigna et al., 2016).

Groundwater head levels in 26 observation wells were used as calibration targets. Model-input parameters, in particular hydraulic
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conductivity, specific yield, and the conductance of the lake bed material, were varied within reasonable data-based ranges to
produce the best fit between simulated and observed hydraulic heads in the aquifer. The calibrated distribution of hydraulic con-
ductivity is presented in Fig. 9, while the time series of observed vs. simulated values is shown in Fig. 10a at selected observation
wells, and the scatter diagram in Fig. 10b.

Final root mean square error (RMSE) was 1.2 m. Moreover, the Nashe-Sutcliffe coefficient of efficiency (NS), which can be used to
compare individual simulated to observed hydrographs, was 0.97 for the calibrated groundwater flow model (NS ranges from - to
1; values close to 1 indicate a good fit; Anderson et al., 2015). Considering the number of head measurements and the reservoir-water
budget analysis (hard data), and the geological and hydrologic information at the site analysis (soft knowledge), the model per-
formance and the calibration result are acceptable for the objective of this study.

2.4. Reservoir management model

The optimization model is developed for optimal operation of the reservoir. The optimal operation objective is to minimize the
value z of a mathematical objective function (Eq. 1) that expresses the differences between optimal release from the reservoir (R") and
total demand during time period t (TD") subject to constraints on availability of water and other inputs.

T
minzg = E (TD! — RY)?
=1 (@D)]

2.4.1. Constraints
Mass balance equation:

Based on conservation of mass throughout the system, the mass balance in the reservoir from one time step to another time step is
given by the continuity equation. The continuity equation (Eq. 2) is stated as:

S'= Sl 4 It P! — E' — L(S'™Y) — R' — Spill* )

where, S' = final storage at the time t, I' = inflow during the time t, P' = precipitation over the lake during the time t, E! =
evaporation loss in the reservoir during time t, L(S*"!) = leakage loss in the reservoir during time t as a function of S~! (leakage



A. Joodavi, et al.

Journal of Hydrology: Regional Studies 31 (2020) 100725

@ 1321 - 1326 -
_ 1320 s 190
4 1319 4 4
E £ 1322 -
= 1318 A =
S 8
< 1317 | = 1320 -
& 2
£ 1316 1 E:
-E 'g 1318
S 1315 4 ] ® Observed
o Simulated 6] 2
< | 1316 —Simulated
1314 —Observed
1313 -+ T - T 1314
2/4/2017  4/5/2017  6/4/2017  8/3/2017 10/2/2017 12/1/2017 1/30/2018 2/4/2017  4/5/2017  6/4/2017  8/3/2017 10/2/2017 12/1/2017 1/30/2018
1302 4 1316
ow-4 OW-1
= 1301 = 1404
4 = e oo
s S iee® £ 1312 :
_g 1300 A ° =
2 £ 1310
3 2
s 1299 g
3 £ 1308
3 @ Observed E @ Observed
£ 1298 4 4 3 :
Q —Simulated 1306 —Simulated
1297 T il 1304 T 1
2/4/2017 /52017 6/4/2017  §/3/2017 10/22017 12/1/2017 1/30/2018 242017 A/5/2017  6/4/2017  8/3/2017 10/2/2017 12/1/2017 1/30/2018
@ 1330
1325 +
E
© 1320 +
E
T 1315
2
9]
£ 1310 |
2
o
2 1305 +
)
=
E 8
@ 1300 + }9;99
1295 +- a : ; } |
1295 1300 1305 1310 1315 1320 1325 1330
Observed water level (m a.s.l.)

Fig. 10. Model c

function obtained from the calibrated groundwater flow model),
Release constraints:

alibration results.

and Spill' = surplus from the reservoir during time t.

The optimal release from the reservoir (R") should be less than or equal to the total demand at time t (TD"). This constraint is given

by:
0<R' <TD!

Water supply (releases) reliability constraints:

3

These are defined in order to take into account water shortage periods, that is, periods during which optimal release is not
satisfied due to the uncertainty associated with available reservoir inflow (streamflow diversion). The water supply reliability

constraint is defined as follows:

al >y

a! = [number of periodstsuch thatoptimalR' > S=1 + I' + P! —

where a' is supply reliability, n is the total number of time steps

(C)]
6]

and ¥ is the reliability level which is chosen by decision makers.

E' — L(S*YHorS' < Spax]/n
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Table 2
Monthly optimal release, supply (release) reliability and demand for Bar reservoir.
Oct Nov Dec Jan Feb Mar Apr May June Jul Aug Sept

Seepage (MCM) 0.53 0.53 0.55 0.59 0.58 0.58 0.63 0.69 0.70 0.67 0.63 0.58
Optimal release (MCM) 0.09 0.14 0.15 0.13 0.10 0.09 1.09 0.99 1.00 0.89 0.83 0.72
Supply (release) reliability (-) 85 % 97 % 100 % 98 % 97 % 97 % 92 % 92 % 91 % 86 % 85 % 85 %
Target demand (MCM) 0.4 0.4 0.4 0.4 0.4 0.4 1.6 1.6 1.6 1.6 1.6 1.6
Difference to target demand (MCM) 0 0 0 0 0 0 0 0 0 0.04 0.14 0.30

MCM = 10° m®.

2.4.2. Storage constraints
The reservoir storage in any month should not be more than the capacity of the reservoir, and should not be less than the desired
target storage. Mathematically this constraint is given as:

Smin < St < Smax (6)

where Sy.x = capacity of the reservoir in million cubic meters (Mm®).

In order to evaluate monthly water supply reliability with respect to “optimal release” in medium-term operation, 66 years of data
including monthly reservoir inflow, precipitation, and evaporation data and main characteristics of Bar reservoir were used. The
input parameters and data for the reservoir management model have been derived from a technical report drafted by the Abpooy
consulting engineers company (2019).

The total demand in different months of a year is given in Table 2. Minimum and maximum storage were set to 0 and 23.5 Mm®
respectively and the initial storage volume was set to 6 Mm®. The total demand for each month was considered constant in all years
during the analyzed period. The reliability in each month was then defined as the number of periods the reservoir release satisfies the
optimal release. The reliability level was set to 85 % in each month. This value was decided by the decision makers (Abpooy
consulting engineers company, 2019).

2.5. Optimization using genetic algorithm (GA)

In the present study, all the optimization processes are performed using a GA model in the MATLAB® environment (MATLAB and
Statistics Toolbox Release, 2016). Numerous applications of GAs can be found in water resources planning and management lit-
erature (e.g., Wu et al., 2007; Guan et al., 2008; Dariane and Momtahen, 2009; Joodavi et al., 2015; Sepahvand et al., 2019; Adeyeri
et al., 2020).

In order to find the optimal solution to the problem (Eq. 1), first, the constrained model is transformed to an unconstrained
problem using penalty functions. In this method, constrains of the model are embedded into the objective function in order to
penalize the solutions that violate the constraints (infeasible solutions). The decision variables for the management model are re-
presented by coded structures. In the GA model, the real coding is used due to its suitability for constrained optimization
(Michalewicz, 1994; Wardlaw and Sharif, 1999). Each solution is identified as a chromosome that consists of 12 genes for monthly
optimal releases. Moreover, a combination of the tournament selection and the truncation operators is used as selection operator and
the Arithmetic crossover is chosen for the crossover process. Moreover, the Gaussian mutation, the most common Mutation operator
(Nicklow et al., 2010), is applied to the GA model. The population size, crossover and mutation probabilities are set equal to 1000,
0.80, and 0.03, respectively. These values were chosen following a trial and error process.

3. Results and discussion

The analyses performed provided the total seepage volume from the reservoir to the aquifer for the simulated period. The
simulated seepage calculated by the MODFLOW model was 5.77 MCM for the entire period, value close to the one estimated from the
lake’s volumetric budget for the same period (5.5 MCM; Abpooy consulting engineers company, 2019).

The groundwater flow calibrated model results were used for predicting daily seepage from the reservoir into the aquifer (leakage
loss) as a function of water levels in the reservoir. The derived polynomial function is shown in Fig. 11; after the value of 1335, the
water level in the reservoir causes a nearly linear increase of the seepage rate. Then, the leakage function (L(S'™Y) in Eq. 2 was
embedded to the reservoir mass balance equation in the optimization model.

Table 2 shows optimal water releases for Bar reservoir obtained by the optimization model, along with monthly cumulated
seepage and monthly demand. The water supply reliability with regard to optimal release is always equal or above 0.85, guaranteeing
the required supply for which the reservoir was designed.

Fig. 12 displays monthly storage volume and lakebed seepage related to the optimal water releases for the whole 66-year time
series. In relation to the average annual water balance (Fig. 13), 52 % of inflow to the reservoir is seepage water that can be stored in
the aquifer, while 40 % of the inflow can be released from the reservoir. The water balance is slightly negative because of the
reservoir storage changes, which is allowed in the medium-term operations (Zhang and Ponnambalam, 2006). Moreover, our results
show that the distance between the demand and optimal release could be largely supplied by recovering via pumping wells the
additional recharge of the aquifer provided by the seepage. In only three months, July, August, and September, the demand is not
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Fig. 13. The yearly average water-balance components for Bar reservoir for the optimal solution.

fully satisfied for a small volume by the monthly water availability provided by the joint surface and groundwater scheme. The
missing amount (about 0.5 Mm?; Table 2) may be withdrawn from the local aquifer without causing groundwater quantity and
quality degradation: In fact, in the other months, recharge (seepage) is greater than pumping, being the total estimated seepage
calculated by the optimization model 7.26 Mm?>, while the needed groundwater withdrawal all in all is worth 6.3 Mm?®. This analysis
suggests that the risk of failure of managed aquifer recharge facilities is a very relevant step in design of water infrastructures and it
should be well addressed at initial stage of planning (Rodriguez-Escales et al., 2018). Finally, Fig. 14 shows the long-term monthly
average reservoir allocation and groundwater pumping needs to fulfil water demand in conjunctive use operation. Fig. 14 also shows
the predicted monthly seepage. A time delay is predicted between the maximum diverted inflow and maximum expected seepage.
This delay in recharge makes groundwater a reliable and slowly depleting resource, while the available surface water in the reservoir
is diminishing at a faster rate.
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Fig. 14. The monthly-average reservoir (lakebed) seepage, reservoir allocation and groundwater pumping needs to fulfil demands in conjunctive
use operation.

4. Conclusions

We presented a methodology based on modelling solutions for optimizing the Bar off-stream man-made reservoir operations,
considering seepage losses to the aquifer, to ensure that water demand is satisfied and all planned reservoir objectives are met. In our
analysis, the integration of well-known methods such as numerical groundwater flow modelling and optimization models provided
information on the reliability of the supply of a pre-defined optimal release, and also on the monthly volume of additional intentional
groundwater recharge. Based on our calculations, the water demand may then be satisfied by the reservoir release in conjunction
with groundwater withdrawal of the increased recharge. In only three months the whole water infrastructure (surface water reservoir
and managed aquifer recharge) is not theoretically able to fulfill the demand considering the on-time recharged volume. In that case,
the missing part of the demand will have to be covered by the volume previously recharged, exploiting the water banking capacity in
the aquifer of a managed aquifer recharge scheme. The modelling method proposed in this study can be adapted to any artificial lake
system to enhance its operation, planning and management, as it can provide accurate assessment of the effects of operational
releases on lakebed seepage.

With this paper, we aim at pointing out the importance for potential conjunctive use of surface- and ground-water in water scarce
areas by exploiting reservoir infrastructures, where the leakage losses are relevant, also for creating additional aquifer storage. In
such systems, man-induced changes of lake stages, mainly dependent on temporally variable balance between inflow and regulated
outflow, can significantly affect the volume of water that seeps through the basin floor. The infiltrated water constitutes an additional
storage volume reliable for coping with the demand or for water banking purposes. The aquifer, under managed aquifer recharge
operations, may then provide the resource not satisfied by the reservoir release, hence fulfilling 100 % reliability of water supply.
Finally, the potential conjunctive use of surface water and groundwater by improving water security, may open new sustainability
views for leaking reservoirs, even if they were not initially designed for increasing aquifer recharge, in many areas worldwide.
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