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Groundwater depletion is a significant sustainability challenge at Rasoolpur Jatan village
of Muzaffarnagar district, India. This experiment was conducted in farmer’s field of study
area to enhance the conveyance and application efficiency of irrigation water through
various water management technologies. Sugarcane is the major crop in the study area, and
irrigation is being done through earthen field channels. If irrigation is given at 60 and 65%
application efficiency through earthen field channels, then the groundwater table would
decline at 0.59 m/yr. and 0.38 m/yr, respectively. To avoid conveyance and seepage losses;
pipe distribution network was used with 79% application efficiency. In this case groundwater
table would rise by 0.13 m/yr. and when irrigation was given through a drip system with
E, = 90%, groundwater table would rise by 0.37 m/ yr. Groundwater modeling was
done to simulate the future groundwater behavior and give the alternate course
of management options for sustainable groundwater use strategy. The projected
groundwater levels for 2030 under four scenarios are 213.84, 217.20, 225.39, and 229.37
m, respectively. Results suggested that the declining trend of groundwater could be
arrested to a greater extent in the study area by enhancing the efficiency of irrigation
water by adopting modern irrigation methods (drip and sprinkler system) or farmers
should grow high value crops other than sugarcane which have less water requirement.

KEYWORDS

sustainability, groundwater, irrigation efficiencies, modeling, open channel, pipe
distribution network, drip irrigation

1 Introduction

Groundwater is a vital source of freshwater globally, serving as a key resource for
agricultural, industrial, and domestic water needs (UNESCO, 2022; Famiglietti, 2023).
Worldwide groundwater abstraction has shown a rising trend over the last few decades (Doll,
2009; Qureshi et al., 2010). Agriculture accounts for approximately 90.41% of total water
consumption in India (FAO, 2010). Of the country’s total irrigated area, about 62.9% is
irrigated using groundwater (Siebert et al., 2010). The excessive withdrawal of groundwater is
primarily driven by high demand, leading to a significant imbalance between groundwater
recharge and extraction. The over-dependence on groundwater has contributed to a
widespread decline in water tables, both globally and in many parts of India (Richey et al.,
2015; Aeschbach-Hertig and Gleeson, 2012; Famiglietti et al., 2011). Groundwater abstraction
at unsustainable rates endangers water and food security, not just locally but also globally
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through international trade ties (Dalin et al., 2017; Wada et al., 2012;
Scanlon et al., 2024). In recent years, centrifugal pumps traditionally
used by farmers are increasingly being replaced by submersible pumps
due to the declining groundwater table, which requires more energy
and cost to extract water for irrigation and other purposes (Patle et al.,
2016; Chaturvedi et al., 2022; Gleeson et al,, 2023). In the study area,
farmers use submersible pumps of varying capacities, all of which are
powered by electricity.

The alluvial aquifers of northern India, particularly in states such
as Punjab, Haryana, and Uttar Pradesh, are experiencing rapid
depletion, raising serious concerns about long-term water security and
agricultural sustainability (Jain et al., 2022; MacDonald et al., 2021a).
A viable approach is to regulate groundwater abstraction by
establishing and enforcing sustainable allocation limits. There is a lot
of vertical and horizontal variation in this alluvial aquifer system
(Samadder et al,, 2011). The hydraulic connection of shallow and deep
groundwater in large unconsolidated aquifer systems is generally
controlled by regional hydraulic anisotropy (the ratio of horizontal to
vertical permeability) (Cardenas and Jiang, 2010; Gassiat et al., 2013;
Ren et al,, 20215 Sweeney et al., 2023). Implementing groundwater
management projects that integrate various water management
technologies can offer a more effective approach to ensuring sustainable
groundwater use. Groundwater saving by using efficient water
management technologies is a promising option to check falling water
tables (Sharma and Dubey, 2013; Perrone et al., 2021; Foster et al.,
2023). A fundamental requirement for effective groundwater resource
management is the accurate quantification of groundwater availability
and a comprehensive understanding of hydrogeologic processes (Van
der Gun and Lipponen, 2010; Taylor et al., 2021; Richey et al., 2022).
Understanding the response of an aquifer system under changed
recharge and withdrawal patterns would help to solve potential water
resources problems associated with excessive pumping (Butler et al.
2018). Aquifer modeling is a technique for analyzing the behavior of
the groundwater regime when it is subjected to spatiotemporal change
(Nico and David, 2007). However, because of its tremendous
heterogeneity, modeling of an aquifer is a difficult task (MacDonald
etal,, 2021b; Sefelnasr and Gossel, 2020; Scanlon et al., 2022). Despite
a number of challenges, numerous researchers have successfully
estimated the regional groundwater budget using numerical models in
hard rocks and hilly areas (Majumdar et al., 2009; Rani and Chen,
20105 Surinaidu et al., 2013a, 2013b). The most commonly used
approach for studying the response of aquifers involves the use of
mathematical groundwater models. Mathematical models can simulate
the complex and dynamic nature of aquifer systems and aid in
determining how the groundwater system responds to various
operational systems for developing a sustainable management plan
(Rojano et al,, 2021). Many mathematical models are available to
forecast aquifer response to various management scenarios (Ahmed
et al., 2022; Scanlon et al., 2022).

Simulation models have been widely employed to enhance
conceptual understanding of groundwater recharge and discharge
processes, evaluate the impacts of various management strategies on
groundwater resources, and assess how changes in land use affect both
the quality and quantity of groundwater (Kong et al.,, 2010; Xu et al,
2011; Barthel et al., 2012; Singh et al., 2020; Gupta and Kumar, 2021).
To simulate the IARI aquifer system, Mali and Singh (2016) utilized
MODFLOW, a three-dimensional finite-difference groundwater flow
model, and examined the impacts of varying groundwater extraction
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rates and artificial recharge on the water table. Patle et al. (2018)
employed the HYDRUS-1D and MODFLOW models to simulate
recharge flux at the water table and fluctuations in groundwater levels
for the Karnal district of Haryana, India. Sayana et al. (2010) used
Visual MODFLOW (version 4.1) to evaluate the effectiveness of
recharge wells and a percolation pond within the campus of St. Peter’s
Engineering College in Avadi, near Chennai, India. Similarly,
Calderhead et al. (2012) employed MODFLOW, a three-dimensional
groundwater flow model coupled with a one-dimensional compaction
module to investigate groundwater management scenarios in the
Toluca Valley, Mexico. They proposed a management strategy for
reducing land subsidence and ran simulations based on four primary
parameters: recharge, exports to neighbouring basins, local
consumption, and relocating pumping stations. Kumar et al. (2023),
Gao etal. (2022), and Singh et al. (2021) highlighted the effectiveness
of MODFLOW in evaluating groundwater responses under various
management scenarios, thereby supporting sustainable aquifer
planning and resource conservation. Therefore, MODFLOW
(McDonald and Harbaugh, 1988), a three-dimensional groundwater
flow model, was utilised to simulate the aquifer system in this study.
Accelerated groundwater depletion poses a serious challenge in
many developing countries (Aeschbach-Hertig and Gleeson, 20125
Margat and Van der Gun, 2013; Wada and Bierkens, 2014; Richey et al.,
2015; Mukherjee et al., 2023). Monitoring millions of water users is likely
to be inefficient and costly (Shah, 2009; Grafton et al., 2018; Lopez-Gunn
et al,, 2021). Therefore, a small area of Western Uttar Pradesh was
selected for the present study. The study area is known for intensive
agriculture, with sugarcane as the dominant crop, followed by rice and
wheat. These are high water-demanding crops, and as a result of
intensive groundwater abstraction, groundwater levels have been
declining rapidly over the past decade (Reddy et al., 2020; Jain et al,
2021; FAO, 2022). Due to the deeper water table, low-horsepower pumps
are rarely used by farmers. Some parts of the study area are classified as
over-exploited, while others fall into semi-critical, critical, or even dark
zones (CGWB, 2017). With an increasing population and continued
agricultural development, groundwater extraction is expected to rise
further. Therefore, it is essential to study groundwater fluctuations under
various water management technologies to develop a sustainable
groundwater use strategy. In agricultural areas, irrigation is the dominant
water use sector, and irrigation efficiency significantly affects both
groundwater levels and its long-term sustainability (Shah, 2020).
Enhancing irrigation efficiency has a direct impact on groundwater
resiliency (Harmanny and Malek, 2019). Improving application
efficiency(E,) through drip or sprinkler systems reduces the volume of
groundwater required to meet crop water needs (Pfeiffer and Lin, 2014).
This lowers pumping demand, directly decreasing drawdown rates and
aquifer depletion (Foster et al, 2010). In many traditional surface
irrigation systems (e.g., flood irrigation), part of the applied water
percolates back to the aquifer as return flow. When highly efficient
systems are adopted, this recharge component decreases, which may
reduce natural aquifer replenishment (Perry et al., 2009). At the field
scale, higher efficiency typically leads to water savings. Efficient systems
help to maintain crop production with less water during droughts (Scott
etal. 2014), easing pressure on groundwater pumping and enhancing
system resilience under climate variability (Fishman et al,, 2011). In
India, studies from Gujarat and Maharashtra shows water savings of
30-50% with drip systems, contributing to slower groundwater depletion
(Narayanamoorthy, 2004). However, reduced percolation from efficient
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FCC image for Rasoolpur Jatan Village

FIGURE 1
Location map of the study area.

uzaffarnaga

systems has also decreased aquifer recharge, particularly in hard rock
regions with limited natural replenishment (Shah, 2009). Moreover, in
some cases, saved water is used to expand irrigated areas.

Globally, countries like Israel and Australia have demonstrated that
combining high irrigation efficiency with strict water budgeting and
regulation enhances groundwater resilience. As per Israel’s national
water policy, precise irrigation and metered usage have stabilized
groundwater levels and sustained agricultural output (Tal, 2016). In
contrast, in parts of the Western U.S., increased efficiency without caps
on water use has led to expanded cultivation and continued aquifer
stress (Ward and Pulido-Velazquez, 2008). Thus, improved irrigation
efficiency is a key tool for groundwater sustainability, and modeling
plays a crucial role in assessing the impact of different management
strategies on water table dynamics. The primary objective of this study
is to ensure the sustainable use of groundwater resources in the region
by improving conveyance and application efficiencies of irrigation
water, which could help to slow or halt the decline of the water table.

2 Materials and methods

2.1 Study area

The study area comprises Rasoolpur Jatan village in the
Muzaffarnagar district of Uttar Pradesh, India (Figure 1), and is

Frontiers in Sustainable Food Systems

geographically situated between latitudes 29°20'N and 29°23'N, and
longitudes 77°33’E and 77°36'E. The elevation of the area ranges from
237 to 245 m above mean sea level. The climate is classified as hot, dry
sub-humid, with an average annual rainfall of 873 mm, most of which
occurs between July to October. Average winter temperatures range
from 7.3 °C to 13.5 °C (minimum) and 18.5 °C to 28.6 °C (maximum),
while summer temperatures range from 13.5 °C to 24.6 °C (minimum)
and 30 °C to 41 °C (maximum). The highest and lowest temperatures
are typically recorded in June and January, respectively. The area
experiences an average annual relative humidity of 72%. Soils in the
region are predominantly medium-textured and alluvial in nature.
Sugarcane is the primary crop, and groundwater is the main source of
irrigation. Due to the unregulated use of groundwater, water levels
have been declining rapidly in recent years. Daily meteorological data
for a 36-year period (1980-2015), including rainfall, minimum and
maximum temperature, relative humidity, wind speed, and sunshine
duration, were obtained from the India Meteorological Department
(IMD). Groundwater level data of 2012 and 2015 were collected from
local piezometers installed in the study area. Land use and land cover
data were collected from Bhuvan data source' and details are provided
in Table 1, and the corresponding map was developed using ArcGIS

1 http://bhuvan.nrsc.gov.in
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TABLE 1 Various land use with area.

Land use ‘ Area (ha)
Sugarcane 213.00
Rice 80.00
Urad 20.00
Wheat 46.60
Mustard 08.00

10.2.2. Soil texture is loam as samples were collected from the fields
and analysed in the laboratory. Crop water requirements were
estimated using the FAO CROPWAT 8.0 model. Aquifer modeling was
performed to assess groundwater recharge and water level fluctuations.

2.2 Model conceptualization and
discretization of the study area

MODFLOW, a saturated groundwater flow model developed by
the U.S. Geological Survey (VicDonald and Harbaugh, 1988), was
used to simulate three-dimensional groundwater flow in the
Rasoolpur Jatan aquifer system. This model was selected due to its
widespread adoption and proven reliability in both public and private
sectors for simulating groundwater systems. MODFLOW is
extensively documented, well-validated, and widely supported,
making it a standard tool for groundwater modeling (Harbaugh, 2005;
Liu et al., 2010; Xu et al., 2011; Langevin et al., 2017; Wang et al,,
2023). It is a physically based numerical model that solves the three-
dimensional groundwater flow equation for porous media using the
finite-difference method (McDonald 1988).
Groundwater flow behavior is simulated based on the principles of

and Harbaugh,

mass conservation and Darcy’s law (Mahmood et al., 2022; Wang
et al., 2023). MODFLOW allows for the use of various boundary
conditions and is capable of simulating confined, unconfined, or
combined aquifer systems. For model implementation, Processing
MODFLOW for Windows (PMWIN), version 5.3, was used to input
data and visualize model outputs (Chiang and Kinzelbach, 1998).

MODFLOW is capable of simulating the effects of various
hydrological stresses, including groundwater pumping, recharge, and
surface water—groundwater interactions. In MODFLOW governing
flow equation has been presented below (Equation 1)

0 oh) 0 oh| 0 oh Oh
—| K- |+ Kyy_ | Ky — |-W=S— (6]
Ox ox) Oy Oy ) oz 0z ot

where K., K,,, K, are the hydraulic conductivities along x, y and
z directions (LT™"), h is the total head (L), W is the volumetric flow of
sources and sinks per unit volume (T™"), S; stands for specific storage
(L") and ¢ stands for time (T). The MODFLOW manual contains
thorough descriptions of the governing flow equations and solution
methodologies. The general sequence of activities and modeling
procedure is presented as flowchart in Figure 2.

Developing a conceptual model is the first and most crucial step
in any groundwater modeling effort. It requires a comprehensive
understanding of the area’s hydrogeology, hydrology, and groundwater
flow dynamics (Taheri and Zare, 2011; Anderson et al., 2015; Rossman
et al, 2020). In this study, a detailed hydrologic and geologic

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1654597

characterization of the Rasoolpur Jatan area was performed using data
obtained from secondary sources (CGWB, 2017) and it was found that
three distinct aquifer groups are present, extending down to a depth
0f 463.00 m (CGWB, 2017). The first aquifer, which exhibits spatial
variability in thickness, extends to a depth of approximately 185
meters below ground level (mbgl). The majority of the Rasoolpur Jatan
area lies on an alluvial aquifer system, where the depth of tube wells
ranges from 82.30 m to 88.42 m. These wells are primarily used to
extract water from the unconfined first-layer aquifer. The main
sources of recharge to this aquifer are rainfall and return flow from
agricultural fields. A Digital Elevation Model (DEM) raster file was
obtained from Bhuvan data source to analyze surface elevation
variations and was used to discretize the study area. The model
domain was divided into a grid of 26 rows and 30 columns with a
uniform cell size of 80.0 x 80.0 m (Figure 3). Out of the 780 total cells,
approximately 250 were located outside the study boundary and were
designated as ‘inactive, while the remaining 530 cells within the
boundary were defined as ‘active’ Time discretization in MODFLOW
includes the division of simulation time into stress periods and time
steps. In this model, the simulation year was divided into three
transient stress periods: July to October (123 days), November to
February (120 days), and March to June (122 days). MODFLOW
solved the groundwater flow equations on a daily time step basis
within each stress period, enabling a realistic simulation of seasonal
groundwater dynamics.

2.3 Boundary conditions and model
parameters

The observed hydraulic head values from May 2012 were used to
define the initial hydraulic head for the groundwater flow model
(Table 2). The water table elevations observed during this period were
used to generate initial groundwater level contours using the Kriging
interpolation method available in ArcGIS 10.2.2. These contours were
then imported into MODFLOW as the initial head distribution. To
represent subsurface inflows and outflows across the model
boundaries, appropriate flow boundary conditions were assigned. The
hydraulic conductivity and specific yield values of the aquifers were
derived from previous pumping test data and published literature
(CGWB, 2017). In the study area, the specific yield of the aquifer
ranges from 0.16 to 0.22.

To project future groundwater levels under different scenarios
(from 2015 onward), recharge was estimated using the monthly
normal rainfall averaged over 36 years. Analysis of the long-term
rainfall data revealed that during the non-monsoon period, the time
interval between successive rainfall events was large and the rainfall
amounts were minimal. As a result, most of the precipitation during
this period contributed to building soil moisture or was lost to
evaporation, with negligible percolation to the water table.
Consequently, rainfall recharge during the non-monsoon months was
not considered in this study. Recharge from irrigated return flows was
included, as it is significantly influenced by the volume of irrigation
water applied, which depends on factors such as crop type, irrigation
methods, and on-farm water management practices (GEC, 2009; Doll
et al, 2022). In the study area, sugarcane and wheat receive
approximately 15 and 4 irrigation events, respectively. A total of 220
tube wells operate for an average of 8 h per day, with an average
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Run model for
future WT predictions

FIGURE 3
Discretization of the study area.

discharge rate of 16.95 L/s. Accounting for both groundwater draft
and return flow, the net groundwater draft from agricultural areas was
estimated at 0.0033 m/day. Plant water uptake via capillary rise from

Frontiers in Sustainable Food Systems

TABLE 2 Inputs for MODFLOW.

Average top surface elevation (m) 239.95
Average bottom surface elevation (Bed rock, m) 54.95
Average elevation of initial water level or head (m) 225.62
Aquifer hydraulic conductivity (m/day) 0.30

Transmissivity (m?/day) 55.50
Thickness of aquifer (m) 185.00

the saturated zone was simulated in the model using the
evapotranspiration (ET) function. However, in the Rasoolpur Jatan
aquifer, the water table lies well below the root zone, making
groundwater losses due to ET negligible in this study.

2.4 Model set up, calibration and validation

Transient calibration of the model was carried out by adjusting key
parameters within permissible ranges specific to the study area (Ting
et al,, 1998). The model was calibrated by comparing observed and
simulated post-monsoon groundwater levels for the year 2012, with
particular focus on optimizing hydraulic conductivity and specific
yield values. Following calibration, the model was validated using
observed and simulated post-monsoon water table data for the year
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2015 to ensure its predictive reliability. The accuracy of the model’s
performance was assessed using statistical indicators including Mean
Square Error (MSE), Root Mean Square Error (RMSE), and the
Coefficient of Determination (R?). These metrics provided a
quantitative evaluation of the model’s ability to replicate observed
groundwater conditions and were estimated using following
(Equations 2-4):

n

_1 _h P
MSE_nE(hO hy) (2)
L 0.5
_| 1 _ 2
RMSE—LE(hO hs)} ©)

R*= E— : 4)

Where, hy, observed head; kg, simulated head; ﬁo, mean observed
head; hy, mean simulated head; and #, the total number of observations.

2.5 Groundwater management scenarios

In the present study, four groundwater management scenarios
were evaluated, each involving different levels of groundwater pumping
based on varying irrigation application efficiencies. To measure the
conveyance or seepage losses in the irrigation channel a star flow meter
was used at the head and tail end of the earthen open channel. A Star
flow meter measures the depth of flow, velocity of flow, and discharge.
Seepage loss and conveyance efficiency of the earthen channel were
estimated from the discharge at the head and the discharge at the tail
end of the earthen channel. Five types of submersible pumps were used
by farmers in the study area: 15 HP, 12.5 HP, 10 HP, 7.5 HP, and 5 HP,
respectively. Due to the deep water table, 5 HP pumps were rarely used.
Discharge rates measured in the field for the 15 HP, 12.5 HP, 10 HP, and
7.5 HP pumps were 22.84, 17.92, 13.75, and 13.32 L/s, respectively.
Taking into account 220 operational tube wells, each running for 8 h
daily at an average discharge rate of 16.95L/s, the total annual
groundwater pumping was calculated to be approximately 409 ha-m.
With a village area of 336 ha, the average groundwater draft was
estimated at 0.0033 m/day. Groundwater recharge during the monsoon
season was estimated using the rainfall infiltration method (GEC,
2009), appropriate for areas with sparse groundwater monitoring. A
recharge coefficient of 22% of monthly rainfall was adopted (CGWB,
2009). Additionally, return seepage from irrigated fields was included:
52% for rice, 34% for sugarcane, and 23% for wheat. Thus, recharge
from rice, sugarcane, and wheat fields was taken as 0.0013, 0.0006, and
0.00013 m/day, respectively. The groundwater recharge from rainfall in
each stress period was calculated as 0.0009, 0.00008, and 0.0005 m/day;,
respectively. Thus, total groundwater recharge (recharge from rainfall
and return seepage from the irrigation field) in each stress period was
found to be 0.00293, 0.00211, and 0.00253 m/day, respectively. Net
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groundwater recharge in each stress period was calculated by
subtracting total groundwater draft from total groundwater recharge.
Thus, net groundwater recharge in each stress period was found to
be —0.00037, —0.00119, and —0.00077 m/day, respectively. Negative
signs indicate groundwater withdrawal was more than groundwater
recharge in all stress periods, posing a sustainability concern. The same
procedure was followed to calculate net groundwater recharge for the
rest of the scenarios. The net groundwater draft from agricultural areas
was found to be 0.0033 m/day when water was applied through an
earthen field channel with 60% application efficiency, and it was
considered as a reference scenario for the rest of the scenarios. Three
additional scenarios considered improved irrigation methods.
Groundwater saving at 65% application efficiency of field channel, 79%
application efficiency of pipe distribution network, and 90% application
efficiency of drip system are 31.49, 98.16, and 136.30 ha-m, thus
groundwater pumping reduced to 0.0030, 0.0025, and 0.0021 m/day,
respectively. Future water demand is expected to increase due to
population growth and residential expansion in Rasoolpur Jatan, which
may further accelerate groundwater depletion if not addressed through
efficient water management practices.

Recent studies have identified several effective alternatives for
enhancing groundwater recharge and mitigating the continuous
decline in water tables (Sufyan et al., 2025). Among these, artificial
recharge methods and efficient water management technologies have
emerged as promising strategies to reduce groundwater depletion
(CGWB, 2011). In this study, the impact of irrigation efliciencies
associated with different water management technologies on the
Rasoolpur Jatan aquifer system was thoroughly assessed through
simulation modeling. To evaluate the potential benefits of improved
irrigation practices, various management scenarios were formulated
and simulated using the MODFLOW model. These scenarios reflect
differing levels of groundwater abstraction and recharge, influenced by
changes in application efficiencies. The details of these scenarios,
including irrigation methods, efficiencies, and corresponding
groundwater savings, are summarized in Table 3.

3 Results
3.1 Calibration and validation of model

The model was calibrated using observed groundwater table
(GWT) elevations, during which the coefficient of determination (R?)
was found to be 0.94 (Figure 4a), indicating a strong agreement
between observed and simulated groundwater levels. The Mean
Squared Error (MSE) and Root Mean Square Error (RMSE) values
were 0.10 m* and 0.27 m, respectively, and were within acceptable
limits, confirming the reliability of the model. A scatter plot of
observed versus simulated water table elevations for the pooled data
of tube wells is presented in Figure 4b, further demonstrating a
consistent match between modeled and actual measurements. The
calibrated model parameters included a hydraulic conductivity of
0.30 m/day and a specific yield of 0.22. For the validation period, the
R?value was 0.93 (Figure 5b), while the MSE and RMSE were 0.16 m?
and 0.40 m, respectively (Table 4). This shows good agreement with
observed data. The comparison of predicted and observed
groundwater levels (GWT) for this period is shown in Figure 5a,
validating the model’s predictive capability.
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TABLE 3 Description of modeling scenarios considered under study.

10.3389/fsufs.2025.1654597

Scenarios Application efficiency Groundwater saving Groundwater draft (m/
(E.) (ha-m) EY)
1 Earthen field channels (reference) 60% - 0.0033
2 Improved field channels 65% 31.49 0.0030
3 Pipe distribution network 79% 98.16 0.0025
4 Drip irrigation system 90% 136.30 0.0021
227.0 A 226.5 -
= y =0.7044x + 66.633
226.0 g 2260 1 R? = 0.9446
£ 225.0 B 22551
< =2
= = 2250 -
E 2240 g
= 5 2245 -
3
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FIGURE 4

(a) Comparison of observed and predicted GWT for the calibration period. (b) Scatter plot of observed and predicted GWT for the calibration period.

3.2 Impact of irrigation efficiencies on
groundwater simulations

Farmers in the study village predominantly use unlined, poorly
maintained earthen field channels for irrigation. The lowest observed
application efficiency for these channels was 60.2% (rounded 60%), which
was taken as the baseline for comparison. The predicted water table
fluctuations under Scenarios 1 to 4 ranged from —9.47 m to +6.06 m,
indicating that enhancing irrigation efficiency through improved water
management technologies positively impacts pre-monsoon groundwater
levels across all scenarios (Table 5). However, the negative values of water
table fluctuations under Scenarios 1 and 2 reflect a continued decline in
groundwater levels. This suggests that merely increasing application
efficiency from 60 to 65% is insufficient to fully offset groundwater
abstraction, contrary to common assumptions. Although Scenario 2
shows reduced groundwater pumping due to improved efficiency, the
recharge remains inadequate to arrest the water table decline. The
pre-monsoon groundwater table (GWT) elevation of 2015 was used as
the reference for evaluating future groundwater levels within the various
scenarios. Change in hydraulic heads and water table fluctuations between
2015 and 2030 period under various scenarios compared to the baseline
scenario are shown in Table 5.

The predicted water elevation under the baseline scenario for the year
2030 was 213.84 m (Figure 62). In Scenario 2, which involves improved
field channels, the water table is projected to reach 217.20 m, a rise of
3.36 m (Figure 6b). Under Scenario 3, which simulates a pipe distribution
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network with 79% efficiency, the water table is expected to increase to
225.39 m and arise of 11.55 m compared to the baseline (Figure 6¢). The
positive fluctuations in Scenarios 2 and 3 demonstrate a moderate
rebound in groundwater levels, though the increases remain insufficient
to fully balance the abstraction, especially in Scenario 3 where
groundwater levels rise slowly despite widespread use of efficient pipe
systems. In contrast, Scenario 4, which assumes the adoption of drip
irrigation with 90% efficiency, predicts a water table elevation of 229.37 m,
representing a 15.53 m increase over the baseline (Figure 6d).

The positive fluctuation in this scenario clearly indicates that
high-efficiency irrigation technologies such as drip systems can
significantly mitigate or even reverse the trend of groundwater
depletion in the region. Overall, the analysis reveals that only Scenario
4 demonstrates a potential to substantially arrest or reverse
groundwater decline. While Scenarios 2 and 3 show some
improvements, they do not fully compensate for the existing rates of
groundwater abstraction. This underscores the critical need for
adopting high-efficiency irrigation technologies to ensure the
sustainability of groundwater resources in intensively cultivated
regions like Rasoolpur Jatan.

4 Discussion

Poor irrigation efficiency is one of the major causes of declining
groundwater tables in many parts of India. On most Indian farms,
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FIGURE 5
(@) Comparison of observed and predicted GWT for the validation period. (b) Scatter plot of observed and predicted GWT for the validation period.

TABLE 4 Indicators of model performance for the calibration and
validation periods.

Observed MSE RMSE RSR

and (m?) (m)

predicted

head

Calibration 0.10 0.27 0.34 0.88 0.94
Validation 0.16 0.40 0.47 0.76 0.93 ‘
Acceptable limits >0 >0 0-0.50 0.75-1 0.50-1 ‘

water is conveyed from the source to the fields via unlined earthen
channels, which results in significant losses due to seepage,
evaporation, and breaching of channels between the source and
delivery point. In the absence of proper monitoring and control
systems, farmers often over-irrigate, leading to poor on-farm
application efficiency. This study was conducted in Rasoolpur Jatan
village, Muzaffarnagar district, Uttar Pradesh, at the farmer’s field
level, to evaluate the impact of improving irrigation efficiency on
water savings and to model groundwater fluctuations under different
scenarios, thereby providing insights into sustainable groundwater
management. The study area is dominated by sugarcane cultivation
and water requirement of sugarcane was found to be 1,580 mm and
irrigation requirement was found to be 1,072 mm (Kumar et al., 2020).
Thus, it is clear that sugarcane needs more water than other crops
grown in the study area and hence groundwater pumping is higher.
Scenario 1, where water is conveyed through earthen field channels
with an application efficiency(E,) of 60%, was considered the reference
scenario. In this case, the water table was predicted to decline at a rate
of 0.59 m/year, indicating that without intervention, the declining
trend would persist, rendering groundwater use unsustainable. The
spatial extent of water table decline is illustrated in the contour map
in Figure 7a. In Scenario 2, where irrigation efficiency was improved
to 65%, the average rate of groundwater decline reduced to 0.38 m/
year, as shown in Figure 7b. This demonstrates that even modest
efficiency improvements can slow down the rate of groundwater
depletion. Similar findings have been reported by Deines et al. (2019),
who found that enhancing irrigation efficiency reduced annual
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groundwater decline from —0.49 m/year to —0.04 m/year. Jagermeyr
etal. (2021) reported that increasing irrigation efficiency could reduce
water withdrawals up to 48%, particularly in regions dependent on
overexploited aquifers and improved farm practices, sometimes
increased yields and better resilience (Harmanny and Malek, 2019).
In Scenario 3, an irrigation pipe network was installed, achieving an
average application efficiency of 79%. Under this condition,
groundwater levels were predicted to rise at a modest rate of 0.13 m/
year, as depicted in Figure 7c. This scenario is considered technically
feasible and demonstrates that conversion to piped irrigation can
reverse the declining water trend, albeit slowly. Studies by Tork et al.
(2022) demonstrated that enhancing surface water distribution
efficiency via piped or lined networks reduced groundwater
withdrawals by about 16% over five years in an Iranian irrigation
district, while Kharrou et al. (2021b) noted that piped systems
eliminate conveyance losses and reduce surface evaporation. Further,
Ali et al. (2022b) highlighted that piped delivery systems shorten
irrigation time and reduce pumping duration, thereby lowering
groundwater abstraction and energy costs. Additionally, piped systems
facilitate the adoption of drip and sprinkler irrigation, which improves
on-farm water use efficiency. The Scenario 4 simulation involved a
complete shift to drip irrigation, achieving an application efficiency of
90%. Under this scenario, the average predicted water table rise was
0.37 m/year as shown in water table contour map (Figure 7d). This
demonstrates that with high-efficiency irrigation systems, the
groundwater decline could not only be arrested but potentially
reversed. Although domestic and non-agricultural water uses were not
included in the recharge estimates, the system may still be sustainable
if these factors were considered. These findings align with those in
Gujarat and Maharashtra of India, which show water savings of
30-50% with drip systems, contributing to slower groundwater
depletion (Narayanamoorthy, 2004). However, reduced percolation
from efficient systems has also decreased aquifer recharge, particularly
in hard rock regions with limited natural replenishment (Shah, 2009).
Ruiz-Rodriguez (2017) observed a reduction in annual irrigation
demand for citrus orchards from 630 mm to 490 mm upon switching
from flood to drip irrigation. Deines et al. (2019) also noted that
irrigation efficiency improvements enabled farmers to maintain their
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TABLE 5 Effect of water management technologies on groundwater recharge under various scenarios.

Scenarios Pre monsoon water Predicted pre- Water table Effect of water
table in 2015 (AMSL, monsoon water fluctuations between management
m) table in 2030 2015 and 2030 (m) technologies
(AMSL, m)
Scenario 1 22331 m 213.84 m —9.47 m Base line
Scenario 2 22331 m 217.20 m —6.11m 3.36m
Scenario 3 22331 m 225.39m 2.08 m 11.55m
Scenario 4 22331m 229.37 m 6.06 m 15.53 m
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FIGURE 6
(a) Simulated water table elevation when E, = 60% in earthen channel. (b) Simulated water table elevation when E, = 65% in earthen channel. (c)
Simulated water table elevation when E, = 79% in pipe irrigation system. (d) Simulated water table elevation when E, = 90% in drip irrigation system.

cultivated area while reducing pumping volumes, especially when
transitioning to crops with lower water demand. Drip irrigation, by
delivering water directly to the plant root zone and minimizing
surface evaporation, reduces both deep percolation losses and the
frequency of irrigation (Kharrou et al., 2021a; Jagermeyr et al,, 2021).
As a result, higher yields per unit of water are achieved (Ali et al.,
2022a), thereby improving crop water productivity and reducing total
groundwater abstraction (Brauman et al., 2013). Previous research
also supports these findings as Rodriguez-Sinobas et al. (2023)
reported that precision irrigation increased water productivity by
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25-40% in Mediterranean orchards, and Kassam et al. (2023) found
that conservation agriculture and efficient irrigation practices in South
Asia led to a 15-45% increase in water productivity depending on the
cropping system. In summary, the results of this study align well with
previous research and demonstrate that adopting high-efficiency
irrigation methods, particularly drip irrigation, can significantly
mitigate groundwater depletion. The simulated water table elevations
for each scenario are presented in Figures 6a—d, and the pre-monsoon
simulated contour maps (Figures 7a—d) for water table elevations
across scenarios offer valuable insights for the planning of groundwater
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FIGURE 7

(a) Simulated water table contours when E, = 60% in earthen channel. (b) Simulated water table contours when E, = 65% in earthen channel. (c)
Simulated water table contours when E, = 79% in pipe network system. (d) Simulated water table contours when E, = 90% in drip irrigation system.

d

pumping strategies. Transitioning from traditional earthen channels
to pressurized and micro-irrigation systems greatly improves
water-use efficiency and directly contributes to groundwater saving.
While traditional systems allow recharge through percolation, modern
systems reduce over-extraction, improve productivity, and enhance
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groundwater resilience in water-stressed regions of India. Similar
results related to groundwater in Punjab and the Ganga alluvium plain
were reported by Krishan et al. (2022) and Gupta et al. (2024).
NABARD (2020) reported that, drip irrigation can reduce
groundwater extraction by up to 25 billion m* annually if adopted on
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a large scale and hence promoted under PMKSY, especially in
Maharashtra, Tamil Nadu, and Karnataka. Groundwater quality in the
study area also need to be studied in future as the water table is
declining. Similar studied related to aquifer recharge by Jadav and
Yadav (2023) and groundwater quality for Hindon River basin were
reported by Jadav and Yadav (2025). These findings can serve as a
foundation for designing a sustainable groundwater management plan
for such an area at the national level.

5 Conclusion

The groundwater level in Rasoolpur Jatan, located in the alluvial
plains of northern India, is declining at an alarming rate. To assess and
simulate groundwater table (GWT) behavior under varying irrigation
efficiencies, a three-dimensional groundwater model (MODFLOW) was
calibrated and validated for the study area. The simulation results indicate
that groundwater irrigation is unsustainable under the first three
scenarios, except when a drip irrigation system is employed. Under the
baseline scenario, where irrigation water is conveyed through unlined
earthen channels with 60% application efficiency, the groundwater table
is projected to decline at a rate of 0.57 m/year. Even with an improvement
to 65% efliciency in these channels, the trend of groundwater decline
cannot be reversed. In Scenario 3, the use of a pipe distribution network
with 79% application efficiency slows the rate of decline, resulting in a
modest rise in the water table of 0.05 m/year. However, it is only in
Scenario 4, involving drip irrigation with 90% efficiency, that a significant
and sustained rise of 0.27 m/year in the groundwater level is observed,
indicating that this method is substantially more effective than the others.
The projected groundwater table elevations by the year 2030 under
Scenarios 1 to 4 are 213.84, 217.20, 225.39, and 229.37 m, respectively.
These projections underscore the potential of pipe irrigation systems to
partially offset groundwater extraction, whereas drip irrigation can both
reduce groundwater pumping and reverse the declining trend. However,
even with pipe irrigation, the rise in groundwater levels remains
significantly lower than that achieved with drip systems. In the event of
increased groundwater abstraction in the future, the aquifer stress may
intensify, resulting in more critical water table conditions and higher
pumping costs. The estimated groundwater savings relative to the baseline
scenario were 31.49, 98.16, and 136.30 ha-m under Scenarios 2, 3, and 4,
respectively. These findings demonstrate that enhancing both conveyance
and application efficiencies of irrigation water at the farm level in India
holds considerable promise for sustaining groundwater resources.
Overall, the outcomes of this research provide valuable insights that can
support policy formulation and strategic planning for sustainable
groundwater management in the region. The study reinforces the
necessity of adopting efficient irrigation technologies such as drip and
piped systems, particularly in regions facing severe groundwater stress.
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