& frontiers  Frontiers in Water

@ Check for updates

OPEN ACCESS

EDITED BY
Akhouri Pramod Krishna,
Birla Institute of Technology, Mesra, India

REVIEWED BY

Umar Igbal,

University of Chinese Academy of Sciences,
China

Muthanna Al-Shammari,

University of Karbala, Iraq

*CORRESPONDENCE
Manoj Kumar
kumarmanoj10680@gmail.com

RECEIVED 07 July 2025
ACCEPTED 19 September 2025
PUBLISHED 21 October 2025

CITATION

Kumar M, Singh DK, Sarangi A, Mani | and
Khanna M (2025) Impact assessment of
different water management technologies on
regional groundwater ecosystem service.
Front. Water 7:1654541.

doi: 10.3389/frwa.2025.1654541

COPYRIGHT

© 2025 Kumar, Singh, Sarangi, Mani and
Khanna. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Water

TYPE Original Research
PUBLISHED 21 October 2025
pol 10.3389/frwa.2025.1654541

Impact assessment of different
water management technologies
on regional groundwater
ecosystem service

Manoj Kumar'*, D. K. Singh?, A. Sarangi®, Indra Mani* and
Manoj Khanna?

!|CAR-Indian Institute of Soil and Water Conservation, Chandigarh, India, 2ICAR-Indian Agricultural
Research Institute, New Delhi, India, >ICAR-Indian Institute of Water Management, Bhubaneswar,
QOdisha, India, *Vasantrao Naik Marathwada Krishi Vidyapeeth, Parbhani, Maharashtra, India

Declining groundwater table is a big sustainability challenge at Rasoolpur Jatan
village of Shahpur block in Western U.P, India. This study was conducted in farmer’s
fields to assess the impact of different water management technologies on water
table fluctuations, aiming to develop a sustainable strategy for groundwater
utilization. To simulate the future groundwater table behaviour, modeling was
done. Sugarcane is a high water-demanding crop, and the maximum part of study
area is under sugarcane crop, and irrigation is being done through earthen field
channels. When irrigation is applied through earthen field channel with measured
Application Efficiency (E,) of 60% (baseline), the water table would decline by
0.59 meters per year (m/yr.) with respect to 2015 pre-monsoon water table of
223.31 m. When seepage loss (6%) in earthen field channel was saved (scenario
2), the water table decline would reduce to 0.46 m/yr. Laser land leveler was
used and save 17% water (scenario 3), in this case water table would decline by
0.10 m/yr. If 50% sugarcane area replaced with Kharif maize (scenario 4), then
water table would rise by 0.54 m/yr. Groundwater savings under scenario 2, 3,
and 4 are calculated as 24.54 ha-m, 69.53 ha-m, and 159.56 ha-m, respectively,
compared to the baseline. The projected groundwater table for the year 2030
under four scenarios are 213.84, 215.96, 221.67 and 232.05 m, respectively. Results
suggested that to maintain the groundwater sustainability change the cropping
pattern to avoid excess use of groundwater, grow other high value crops with
the help of modern irrigation system which have low water demand.

KEYWORDS

groundwater sustainability, MODFLOW modeling, irrigation efficiency, laser land
leveling, crop diversification

1 Introduction

Groundwater is a critical natural resource that sustains agriculture, ecosystems, and
human well-being. Meeting the irrigation and drinking water demands, groundwater also
supports a wide range of ecosystem services, including water supply, food production, climate
regulation, baseflow to rivers, supporting nutrient cycling and biodiversity as well as cultural
services like livelihood security, traditional practices (Griebler and Avramov, 2015; Famiglietti,
2014; De Graaf et al., 2019). However, in many regions, unsustainable groundwater extraction
threatens these services, making Water Management Technologies (WMTs) crucial for
balancing human and ecosystem needs. Water management technologies can be broadly
classified into conveyance and application efficiency technologies like lining of field channels,
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underground pipelines, drip and sprinkler irrigation, laser land
levelling which reduce conveyance losses and improve uniform water
distribution, thereby lowering groundwater abstraction (da Cunha
et al, 2020; Chouhan et al, 2021). Other water management
technology is recharge enhancement technologies such as check dams,
percolation tanks, recharge wells, managed aquifer recharge which can
enhance natural recharge, sustain baseflow to rivers, and buffer against
seasonal variability. Similarly, cropping system and demand-side
management technology like crop diversification (replacing paddy/
sugarcane with millets/maize), deficit irrigation, and precision
agriculture (Bhan et al., 2023; Chandrasekhar et al., 2023). It can
reduce consumptive water demand and ensure sustainable aquifer
balance. Policy and institutional innovations technologies like water
pricing, groundwater energy-irrigation nexus reforms, participatory
groundwater management can influence farmer behaviour, regulate
extraction, and promote sustainable practices at community level
(Shah, 2021; Scanlon et al., 2022; Roy et al., 2022).

Adoption of laser land leveling in Punjab and Haryana improved
irrigation efficiency by 17-25%, reducing groundwater pumping,
though aquifer decline continues where water-intensive crops
dominate (Jat et al., 2009; Sharma B. R. et al., 2018; Sharma N. et al.,
2018). Check dams in semi-arid Gujarat raised groundwater levels by
2-5m and improved agricultural yields (Shah, 2014). Large-scale
promotion of drip irrigation in arid Xinjiang significantly reduced
groundwater abstraction for cotton cultivation, while managed aquifer
recharge in North China Plain stabilized falling water tables (Shen
etal, 2015; Liu et al., 2020). In the Segura River Basin, introduction
of water-saving irrigation combined with groundwater recharge ponds
enhanced aquifer resilience and secured ecosystem services such as
wetland preservation (Custodio et al., 2016). Managed aquifer
recharge (MAR) in California’s Central Valley, through floodwater
spreading and recharge basins, has been effective in replenishing
aquifers stressed by irrigation, while also maintaining baseflow for
aquatic ecosystems (Scanlon et al., 2016). The Murray-Darling Basin
implemented water allocation reforms and on-farm efficiency
measures, which not only reduced extraction but also safeguarded
ecosystem services like river flows and wetland health (Grafton et al.,
2018). Global groundwater abstraction has been steadily rising over
recent decades due to increasing agricultural, industrial, and domestic
demands (Wada and Bierkens, 2014; Jasechko and Perrone, 2021).

In India, agriculture sector remains the dominant water consumer,
accounting for 89-90% of total freshwater use (NITT Aayog, 2019;
FAO, 2021), with about 63% of irrigated areas relying on groundwater
(World Bank, 2022; CGWB, 2021). This growing dependence has led
to a severe imbalance between natural recharge and extraction,
triggering widespread groundwater depletion, particularly in water-
stressed and agriculturally intensive regions (Rodell et al., 2018;
Mishra et al., 2022; Mishra et al., 2021). Groundwater over-extraction
threatens both local water and food security and has global
ramifications due to embedded water in food exports (Richey et al.,
2015; Jasechko et al.,, 2017; Dalin et al., 2020). In Northern India,
particularly in the alluvial aquifers, excessive groundwater extraction
driven by agricultural and domestic demands is causing significant
stress (CGWB, 2022; Jain et al, 2022). Understanding aquifer
responses to changing recharge and extraction patterns is critical for
sustainable groundwater management. Groundwater modeling serves
as a valuable tool to analyze aquifer behaviour under various
management scenarios (Jain et al., 2019; Sophocleous, 2020; Li et al.,
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2021). Simulation models like MODFLOW (McDonald and
Harbaugh, 1988) are widely used to assess impacts of water
management strategies, land-use changes, and climate variability on
groundwater systems (Jha et al., 2019; Singh et al., 2020; Gupta and
Kumar, 2021). A groundwater flow model integrated with a
compaction module has also been used to propose strategies such as
optimizing recharge, reducing export of high-water demanding crops,
relocating pumping stations, and managing local consumption to
combat land subsidence and groundwater depletion (Chaussard et al.,
2017; Kim et al., 2021).

Technologies that improve water use efficiency such as drip and
sprinkler irrigation, laser land leveling, zero tillage, direct seeded rice,
System of Rice Intensification (SRI), conservation agriculture, crop
diversification, site-specific water conservation structures, and
rainwater harvesting have shown potential to reduce groundwater
extraction while maintaining or increasing agricultural productivity
(Kabat et al., 2003; Fishman et al., 2015 Jain et al., 2021). However,
their regional impacts need to be thoroughly evaluated. Integrating
such efficient water management technologies into groundwater
governance can help curb further depletion and ensure long-term
sustainability (Kumar M. D. et al., 2020; Kumar R. et al., 2020; Jain
et al, 2021; FAO, 2022). These strategies reduce groundwater
withdrawals by enhancing irrigation efficiency, promoting sustainable
crop choices, and improving recharge.

The present study focuses in Shahpur block of Western Uttar
Pradesh, a region characterized by high water-intensive crops such as
sugarcane, rice, and wheat. Groundwater levels in the region have
been rapidly declining due to over-extraction. As groundwater levels
decline, farmers are forced to invest in more powerful submersible
pumps, increasing both energy and financial costs (Kumar M. D. et al.,
2020a; Kumar R. et al., 2020a; Singh et al., 2021). Several pockets in
the district are categorized as over-exploited, semi-critical, or fall
under the dark zone classification. Given ongoing population growth
and agricultural intensification, groundwater withdrawals are
expected to rise further. It is crucial to assess the effectiveness of water-
saving technologies and practices in maintaining regional
groundwater balance.

2 Materials and methods

The study area, Rasoolpur Jatan in Muzaffarnagar district
(Figure 1), is located between latitudes 29°20'N to 29°23'N and
longitudes 77°33’E to 77°36’E. The elevation ranges from 237 to 245
meters above mean sea level' (Figure 2). The meteorological data was
obtained from the India Meteorological Department (IMD). This data
was analysed and found that the region experiences a hot, dry
sub-humid climate with an average annual rainfall of 873 mm, the
majority of which occurs between July and October. During winter,
the average minimum temperature varies from 7.3 °C to 13.5 °C,
while the maximum temperature ranges from 18.5 °C to 28.6 °C. In
the summer months, the minimum and maximum temperatures
range from 13.5 °C to 24.6 °C and 30 °C to 41 °C, respectively. The
highest temperatures are typically observed in June and the lowest in

1 http://bhuvan.nrsc.gov.in
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FIGURE 1
Location map of study area.
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January. The area has an average annual relative humidity of 72%. The
soils in the region are primarily medium-textured alluvial soils.
Sugarcane is the dominant crop (Table 1), and irrigation is
predominantly dependent on groundwater. However, the
overexploitation of groundwater has led to a rapid decline in water
levels. Piezometers were installed to monitor groundwater level data
for the year 2012 and 2015. Different maps were developed using
ArcGIS 10.2.2. The crop water requirements were estimated using the
FAO CROPWAT 8.0 model. Aquifer modeling was conducted to
evaluate groundwater recharge and fluctuations in water levels.
MODFLOW is a widely used numerical model for simulating

saturated groundwater flow, originally developed by the United States
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Geological Survey (USGS) (McDonald and Harbaugh, 1988), and has
since undergone several advancements, with the most recent versions
like MODFLOW 6 offering improved modular structure and
capabilities for simulating complex groundwater systems (Langevin
et al., 2017; Hughes et al., 2021) was employed to simulate three-
dimensional groundwater flow dynamics in the Rasoolpur Jatan
aquifer system. MODFLOW was chosen for this study due to its
widespread acceptance and reliability in simulating groundwater
systems. It is extensively used and supported by both public
institutions and private sectors worldwide for groundwater flow
modeling, owing to its user-friendly interface, and capability to handle
complex hydrogeological conditions (Harbaugh, 2005; Langevin et al.,

frontiersin.org


https://doi.org/10.3389/frwa.2025.1654541
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Kumar et al.

DEM of Rasoolpur Jatan

A

Legend
i P—
DEM
Value
High - 245
0 02 04 0.8 km L
E o g 0" ) 9 g - o

FIGURE 2
Digital elevation model of study area.

TABLE 1 Soil type and area under various land use.

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

2017; Ranjan et al., 2023). MODFLOW is a computer-based modeling
program that numerically solves the three-dimensional groundwater
flow equation for porous media using the finite-difference method
(McDonald and Harbaugh, 1988). MODFLOW is a physically-based
simulation model that represents groundwater flow dynamics by
applying the principles of mass conservation in conjunction with
Darcy’s law (Harbaugh, 2005; Langevin et al., 2017). MODFLOW
provides flexibility by allowing the selection of various mixed-type
boundary conditions, making it suitable for simulating confined,
unconfined, or combined aquifer systems. To input data into the
model and visualize the model outputs, Processing MODFLOW for
Windows (PMWIN) version 5.3 is employed (Chiang and Kinzelbach,
1998). MODFLOW is capable of simulating the impacts of
groundwater pumping, recharge, and interactions with surface water
bodies (Reilly et al, 2015). In MODFLOW, the governing flow
equation used is given (Equation 1).

0 oh\) 0O oh) 0O oh oh
| K |+ | Ky [+ —| Koo — |-W=8— (1)
Ox ox) Oy Oy ) oz 0z ot

where Ky, 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 sequence of activities and the
modeling procedure are illustrated in Figure 3.
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Developing a modeling concept is the foundational and most
crucial step in any groundwater modeling study. It requires an
in-depth understanding of the hydrogeological framework,
hydrological processes, and groundwater flow dynamics within and
around the study area (Anderson et al., 2015; Refsgaard et al., 2012).
A detailed hydrologic and geologic characterization of the study area
was done using the information of well logs. Analysis of well logs
showed that there are three specific groups of aquifers occurring in the
area down to 463.00 mbgl (CGWB, 2017). The first unconfined aquifer
in the study area exhibits variable thickness, extending down to
approximately 185 meters below ground level (mbgl) in
certain locations. Rasoolpur Jatan predominantly overlies an alluvial
aquifer system, where tube wells depths ranging from 82.30 m to
88.42 m and are primarily used to extract water from unconfined
layer. Groundwater recharge mainly occurs through rainfall and
return flow from irrigated fields. A Digital Elevation Model (DEM)
shapefile was utilized to analyze surface elevation variability and assist
in spatial discretization of the study area. The model grid was
structured with 26 rows and 30 columns, each cell measuring 80 x 80
meters (Figure 4). Out of the total 780 grid cells, 250 cells fell outside
the model boundary and were marked as inactive, leaving 530 active
cells within the study domain. In present study temporal discretization
in MODFLOW was structured using three transient stress periods to
represent a full hydrological year: July to October (123 days),
November to February (120 days), and March to June (122 days). In a
MODFLOW groundwater model, a stress period refers to a defined
interval of simulation time during which all model inputs such as
pumping rates, recharge, stream stages, and boundary conditions are
assumed to remain constant and one can configure multiple stress
periods sequentially in a year, each reflecting a change in boundary
conditions. Each stress period is subdivided into shorter
computational intervals called time steps. These are the actual
intervals at which the model calculates the groundwater head. The
number and length of time steps can be customized to capture the
dynamics of the flow accurately. Within each stress period, a daily
time step was employed, enabling the model to simulate groundwater
flow dynamics.

The observed hydraulic head data from May 2012 were used to
define the initial conditions for the model (Table 2). Groundwater
levels recorded during this period were used to create initial water
table contours using the Kriging interpolation method within ArcGIS
10.2.2, which were then imported into MODFLOW. To account for
subsurface inflow and outflow, selection of model boundary is
important as it determines model accuracy and realism. For this flow
boundaries were defined based on the selection criteria. Thus, the
selection of model boundary in MODFLOW is the process of defining
the limits of the model domain and specifying whether groundwater
can flow in, flow out, or stay restricted at those edges. It is one of the
most crucial steps in model setup, as it directly influences simulation
reliability. The cells lying inside the boundary of the study area were
taken as active cells whereas; cells lying outside the study area were
taken as inactive cells. Hydraulic conductivity and specific yield values
for the aquifers were derived from previous pumping test data from
past work (CGWB, 2017). The specific yield within the study area was
found to range between 0.16 and 0.22.

Rainfall infiltration methods were employed to estimate natural
groundwater recharge during the monsoon season, particularly in
regions where spatial and temporal groundwater level monitoring is
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Modeling flow chart.

FIGURE 4
Study area discretization.

inadequate (GEC, 2009), also widely supported by recent studies for
its effectiveness in estimating recharge under data-scarce conditions
(Jha et al., 2022; Kumar and Singh, 2021; Mondal et al., 2023). The
recharge in each of the four monsoon months was considered to be a
given percentage of that months average rainfall in this study.
However, it was ensured that the total recharge for the entire monsoon

Frontiers in Water

TABLE 2 Modflow input parameters.

Average top surface elevation (m) 239.95
Average bottom surface elevation (Bed 54.95
rock, m)

Average elevation of initial water level or 225.62
head (m)

Aquifer hydraulic conductivity (m/day) 0.30
Transmissivity (m?/day) 55.50
Thickness of aquifer (m) 185.00

season did not surpass 20% of the monsoon rainfall for this region, as
stated by the Central Groundwater Board (GEC, 2009).

To project future groundwater levels under various scenarios
(from 2015 onward), recharge estimates were based on the 36-year
average monthly rainfall. Analysis of long-term rainfall data indicated
that, during the non-monsoon period, the intervals between rainfall
events were lengthy and the individual rainfall amounts were minimal.
Consequently, most of the rainfall during these months contributed
to soil moisture storage or was lost through evaporation, with
negligible percolation to the groundwater. Therefore, non-monsoon
rainfall recharge was excluded from the present study. A
comprehensive study analyzing data from over 5,800 groundwater
wells across India (1996-2016) by IIT Gandhinagar found a strong
link between rainfall intensity and groundwater recharge. In

frontiersin.org
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North-West and North-Central India, low-intensity rainfall
(1-35 mm/day) during the monsoon contributes significantly to
recharge, whereas non-monsoon or high-intensity rainfall events are
less effective in generating deep percolation due to rapid runoff. GEC
(2015) explicitely says to estimate non-monsoon rainfall recharge, it
should be considered only when if non-monsoon rainfall exceeds 10%
of the normal annual rainfall; otherwise, take it as zero. This is to avoid
inflating recharge from small showers that typically do not percolate
to the water table. Recharge from irrigated return flows was estimated
based on the volume of groundwater extracted for crop irrigation, as
guided by GEC (2009). In the study area, sugarcane and wheat fields
typically receive 15 and 4 irrigations, respectively. There is a total of
220 tube wells in operation, each running approximately 8 h per day
with an average discharge rate of 16.95 lit./sec. Based on the estimated
recharge from return flows and groundwater abstraction, the net draft
from agricultural areas was determined to be approximately 0.0033 m/
day. The effect of plant transpiration through capillary rise from the
saturated zone was simulated using the evapotranspiration (ET)
component in the model. However, In Rasoolpur Jatan the water table
is deep and the loss of groundwater due to evapotranspiration was
deemed minimal in this study as the water table was much below the
crop root zone depth.

The transient calibration was performed by adjusting model
parameters (hydraulic conductivity, specific yield) within permissible
limits, as reccommended by recent studies (Zhang et al., 2020; Kumar
M. D et al, 2020a) by comparing simulated and observed post-
monsoon groundwater levels for the year 2012. To assess the reliability
of the calibrated model, validation was performed by manual method
using observed and simulated post-monsoon water table data for the
year 2015. The model’s performance and predictive accuracy were
evaluated using statistical indicators such as Mean Square Error
(MSE), Root Mean Square Error (RMSE), and the Coefficient of
Determination (R?). These metrics were calculated using the following
equations (Equations 2-4).

MSE="3 (ho—h)’ @)
lewn L7108
RMSE:[;Ziﬂ(hD_hS) } (3)
2

R*= 21 (toi —ho ) (i =) W

" 05T, S5

|:zi:1(hoi 7ho)} |:zi—1(h5i *hs) :|
Where,

ho = observed head,

hg = simulated head,

Eo = mean observed head,

fts = mean simulated head, and.

n = the total number of observations.

Four management scenarios were considered under the present
study. Each of the scenarios had different levels of groundwater
pumping and water saving is increasing. The five sizes of pumps used
by farmers in the study area were 15 HP, 12.5 HP, 10 HP 7.5 HP and 5

HP, respectively. The 5 HP pumps are rarely used by the farmers due
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to deep water table. The discharge measured at farmers field through
these pumps were 22.84, 17.92, 13.75 and 13.32 L/s; respectively.
Taking into account of 220 tube wells at 16.95 L/s average discharge
rate for 8 h per day and major area under sugarcane (213.3 ha), Rice
(46.6 ha) and Wheat (80 ha) total annual groundwater pumping was
409 hectare-meter (ha-m). The total area of the village is 336 ha. Thus,
per day groundwater draft was found to be 0.0033 meter/day (m/day).
Rainfall infiltration method was used to estimate natural recharge
during monsoon season in places where groundwater level monitoring
is insufficient in space and time (GEC, 2009). In this study, rainfall
factor for groundwater recharge during monsoon season for this area
was taken as 22% of rainfall in each of the four monsoon months
(CGWB, 2009) and return seepage from paddy, sugarcane and wheat
fields were taken as 52%, 34%, and 23%, respectively, from applied
irrigation (CGWB, 2009). Thus, recharge from rice, sugarcane and
wheat field were taken as 0.0013, 0.0006 and 0.00013 m/day;
respectively. The groundwater recharge from rainfall in each stress
period were calculated as 0.0009, 0.00008 and 0.0005 m/day;
respectively. Thus, total groundwater recharge (recharge from rainfall
and return seepage from irrigation field) in each stress period were
found to be 0.00293, 0.00211 and 0.00253 m/day; respectively. Net
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 were found to
be —0.00037, —0.00119 and —0.00077 m/day; respectively. Negative
sign indicates groundwater withdrawal was more as compared to
groundwater recharge in all stress period. The same procedure was
followed to calculate net groundwater recharge for rest of the
scenarios. The net groundwater draft from agricultural areas was
found to be 0.0033 m/day when water was applied through earthen
field channel with 60% application efficiency and it was considered as
reference scenario for rest of the scenarios. Groundwater saving, when
6% water was saved as seepage loss, laser land lever used and saved
17% water and when change the cropping pattern by replacing 50%
sugarcane area with kharif maize are 24.54, 69.53 and 159.56 ha-m
thus groundwater pumping reduced to 0.0031, 0.0028 and 0.00203 m/
day, respectively. In Rasoolpur Jatan, water demand is expected to rise
in the future due to the expansion of population and residential
buildings. This may lead to further decline in water table.

Recent studies have identified several effective strategies for
enhancing groundwater recharge to mitigate the continuous decline
of water tables (Sufyan et al., 2024). Artificial recharge or efficient
water management technologies can be a viable option to minimize
the declining trend of water table. The influence of irrigation
efficiencies through various water management technologies on the
Rasoolpur Jatan aquifer system was assessed in this study. The
scenarios considered for simulations are described in Table 3.

3 Results

The groundwater flow model was subjected to a rigorous
calibration and validation process to ensure its reliability for
scenario analysis. During calibration (Figure 5), the coefficient of
determination (R?) between observed and simulated water table
elevations was 0.94, indicating a strong linear correlation (Figure 6).
The mean squared error (MSE = 0.10) and root mean square error
(RMSE = 0.27) confirmed a close fit. Similarly, the validation period
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TABLE 3 Description of modeling scenarios considered under study.

Scenarios | Description of scenarios Groundwater
draft (m/day)
1 When measured application 0.0033
efficiency in earthen channel is 60%
2 When saved 6% water as seepage 0.0031
loss in earthen field channel
3 When laser land leveler is used and 0.0028
save 17% of water application
4 When change the cropping pattern 0.0020
as replacing 50% sugarcane area by
Kharif maize
227.0
226.0
=
w
E 2250
<
-’
E 2240
=
E
b 223.0 == Observed water table 2012
= == Predicted water table 2012
= 222.0
221.0 rrrrrrrrrrrrrrrrrrrrrrrrrrrorro11
1357 911131517192123252729
Column number
FIGURE 5
Comparison of observed and predicted GWT for the calibration
period.

(Figure 8), yielded an R* of 0.93 (Figure 8), with MSE = 0.16 and
RMSE = 0.40, also within satisfactory thresholds (Table 4). These
findings suggest that the model successfully captured temporal
dynamics of groundwater fluctuations in the study region. Model
performance was benchmarked against criteria proposed by Moriasi
etal. (2007) and Ritter and Mufnioz-Carpena (2013), which consider
Nash-Sutcliffe Efficiency (NSE) values > 0.75, RSR values < 0.50,
and R? values > 0.50 as indicators of “good to very good” model
performance. In this study, the Nash-Sutcliffe Efficiency (NSE)
values of 0.88 (calibration) and 0.76 (validation) fall within the “very
good” (0.75-1.00) and “good” (0.65-0.75) performance categories,
respectively, as suggested by Moriasi et al. (2007) (Table 4).

While the calibration phase produced slightly better accuracy
than validation (e.g., lower RMSE of 0.27 vs. 0.40), the decline was
marginal and reflects natural variability in hydrological systems.
Explicitly, the RMSE increased by 0.13 m (48%), while MSE rose by
0.06 (m?) (60%) in validation compared to calibration. This suggests
a modest loss of predictive accuracy when applied beyond the
calibration dataset but still within acceptable scientific limits. Scatter
plots (Figures 6, 7) demonstrated that the model reliably captured
observed patterns across multiple tube wells distributed in different
hydrogeological zones. Although minor deviations were observed in
areas with shallow water tables or intensive pumping, overall trends
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across space were well-represented, indicating that the model was not
biased toward a particular zone within the study area (see Figure 8).

Despite strong performance, uncertainties remain inherent in
groundwater modeling. Potential sources include measurement errors
in field water levels, simplification of hydrogeological heterogeneity,
and assumptions in boundary conditions. As illustrated in Figure 9,
+RMSE confidence bands show that while most simulated values fall
within acceptable deviation from observations, a few outliers exist.
These deviations may reflect localized heterogeneity in aquifer
properties (hydraulic conductivity variations) not fully captured by
the model. The sensitivity of the model to hydraulic conductivity
(0.30 m/day) and specific yield (0.22) further indicates that deviations
in these parameters could influence outcomes. Confidence in the
modeling results is therefore high for regional-scale assessments but
should be interpreted with caution for localized predictions. Future
studies could employ Monte Carlo simulations or ensemble modeling
to quantify parameter uncertainty more explicitly (Beven, 2006; Gupta
et al., 2009).

Spatially, model performance may vary across sub-regions of the
aquifer, with better agreement in areas of dense monitoring and higher
uncertainty in data-scarce zones. Future calibration should integrate
spatial error mapping to highlight such zones of higher uncertainty.
Overall, the model provides reliable predictions for long-term
groundwater dynamics, but results should be interpreted with caution
when applied for fine-scale or site-specific management decisions.
Incorporating uncertainty analysis and sensitivity testing (Monte
Carlo or GLUE approaches) would further strengthen confidence in
scenario assessments.

The earthen field channels are used by the farmers in the study
area, which are poorly maintained. Lowest irrigation efficiency of
earthen field channel measured at farmer’s field was (60%) which has
been selected as baseline (scenario 1). In baseline scenario the
predicted water table elevation is 213.84 m (Figure 10). This scenario
is inadequate to offset the rate of groundwater extraction and fail to
halt the falling water table. Due to saving of seepage loss (6%), there
is less groundwater pumping under scenario 2. Compared to the
baseline scenario, the pre-monsoon water table under scenario 2 is
projected to rise by 2.12 meters, reaching an elevation of 215.96 m
(Figure 11). This increase in water table is due to saving of seepage
losses (6%) and, consequently, lower the groundwater extraction.
However, the negative sign of water table fluctuations observed under
both scenarios 1 and 2 indicate a continued decline in groundwater
levels. This suggests that even with seepage savings from earthen field
channels, is not adequate to fully offset groundwater withdrawals and
halt the ongoing depletion of the water table. To compare the expected
water table elevations within the various scenarios the water table
elevation of the pre-monsoon season of 2015 was used as reference
level. Table 5 shows the change in water table by 2030 and comparison
of water table fluctuations between 2015 to 2030 and impact of water
management technologies under various scenarios compared to
the baseline.

Under Scenario 3, the predicted groundwater table was estimated
to be 221.67m (Figure 12). Pre-monsoon groundwater levels
(hydraulic heads) in scenario 3 are 7.83 meters higher as compared to
the reference scenario. In comparison to the baseline scenario,
groundwater levels during the pre-monsoon season are projected to
rise by 18.21 meters under Scenario 4, with a predicted water table
elevation of 232.05 meters (Figure 13). This significant increase can
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TABLE 4 Comparative statistics of calibration and validation performance.

10.3389/frwa.2025.1654541

Indicator Calibration Validation Acceptable range Interpretation
R’ 0.94 0.93 0.50-1.00 Strong correlation in both phases
NSE 0.88 0.76 0.75-1.00 (very good) Calibration = very good; validation = good
RMSE (m) 0.27 0.40 <0.50 Within acceptable error margins
MSE (m?) 0.10 0.16 >0 Acceptable, low model error
RSR 0.34 0.47 0.00-0.50 Good agreement, slightly higher errors in validation
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FIGURE 7
Scatter plot of observed and predicted GWT for the validation period.

be attributed to the shift in cropping pattern, specifically the reduction
of sugarcane cultivation by 50% and a corresponding increase in
kharif maize cultivation by 50%. The positive sign of water table
fluctuations during the pre-monsoon period under Scenario 4 clearly
indicate a rise in groundwater levels. This suggests that sugarcane
cultivation is a major contributor to groundwater depletion in the
region. The findings demonstrate that substituting half of the
sugarcane area with maize can effectively halt the downward trend of
groundwater levels. Notably, among all the scenarios, only Scenario 4
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shows a rise in groundwater levels substantial enough to offset the
impacts of groundwater extraction. Nevertheless, Scenarios 2, 3, and
4 all exhibited higher water table elevations compared to the reference
scenario due to reduced groundwater pumping.

4 Discussion

It is evident from the field that when irrigation is applied through
earthen field channels with a measured application efficiency of 60%
(Scenario 1) and groundwater draft of 0.0033 m/day the predicted
water table elevation is 213.84 m. The corresponding water table
contour map of scenario 1 is shown in Figure 14. This scenario is
unable to offset the prevailing rate of groundwater extraction and thus
fails to halt the declining water table. This finding is consistent with
field evidence across India, where earthen field channels (EFCs) suffer
from seepage, evaporation, and operational losses, resulting in
application efficiencies between 50-65% (Dhawan, 2017; Kumar
M. D. et al.,, 2020; Kumar R. et al., 2020). This implies that inefficient
water conveyance significantly increases groundwater abstraction to
meet crop water demands, thereby aggravating aquifer depletion.

Sharma B. R. et al. (2018), Sharma N. et al. (2018), and IWMI
(2021) observed that conveyance losses in unlined channels
contributed to as much as 30-40% additional pumping
requirements, accelerating groundwater decline. Similarly, Rodell
et al. (2009), reported groundwater depletion in north-west India
is due to inefficient irrigation practices combined with
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water-intensive cropping patterns. From a groundwater modeling
perspective, the groundwater draft (0.0033 m/day) in Scenario 1
indicates that the recharge component is insufficient to balance
extraction. Central Ground Water Board (CGWB, 2022) found that
current irrigation efficiencies in India exacerbate stage-of-
exploitation levels beyond 100% in critical blocks. In such contexts,
maintaining irrigation through earthen channels is hydrologically
unsustainable.

The simulation results under Scenario 2 demonstrate that saving
seepage losses of approximately 6% in earthen field channels leads to
a reduction in groundwater pumping. As a result, the pre-monsoon
water table rises by 2.12 m, reaching water table elevation of 215.96 m
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compared to the baseline (213.84 m). This improvement highlights the
role of enhancing conveyance efficiency in traditional irrigation
systems as a water-saving measure. The corresponding water table
contour map of scenario 2 is shown in Figure 15.

In Scenario 2, where improved management of earthen field
channels led to a 6% water saving due to seepage loss reduction, the
decline in the water table was reduced to 7.35 meters. Studies across
India have consistently shown that minimizing seepage in earthen
channels can lead to modest reductions in groundwater abstraction
and improvements in local water availability (Shah, 2009; Singh et al.,
2018a; Singh et al., 2018b; Kumar M. D. et al., 2020b; Kumar R. et al.,
2020). However, despite this positive trend, the negative water table
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FIGURE 11
Simulated water table elevation with 6% water saving in earthen field channel.

TABLE 5 Comparative summary of different 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 213.84m —947 m Baseline
Scenario 2 22331 m 215.96 m —7.35m 2.12m
Scenario 3 22331 m 221.67 m —1.64 m 7.83m
Scenario 4 22331 m 232.05m 8.74m 1821 m
225

= Pre monsoon observed water table 2015 = Pre monsoon predicted water table 2030
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FIGURE 12

11
Column number
Simulated water table elevation with 17% water saving under laser leveling.
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fluctuations observed under Scenario 2 indicates that the rise is  northwestern India (Rodell et al., 2009; CGWB, 2022). Even with
insufficient to completely reverse groundwater decline. The continued ~ seepage savings, demand from high water-consuming crops
depletion reflects the imbalance between recharge and abstraction,  (sugarcane and paddy) drives extraction rates beyond the capacity of
which has been widely reported in over-exploited regions of  the aquifer to recover.
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FIGURE 13
Simulated water table elevation when 50% area under sugarcane was replaced by Kharif maize.
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FIGURE 14
Simulated water table contours when Ea = 60% in earthen field channel.
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Simulated water table contours with 6% water saving in earthen field channel.

The results of Scenario 3 reveal that the application of Laser Land
Leveling (LLL) significantly improves irrigation efficiency, leading to a
projected rise in the pre-monsoon water table by 7.83 m, reaching water
table elevation of 221.67 m compared to the baseline scenario (213.84 m).
The corresponding water table contour map of scenario 3 is shown in
Figure 16. The observed improvement is attributed to the ability of laser
land leveling to ensure uniform water application across the field,
reducing waterlogging, and tail-end losses (Jat et al., 2009). Empirical
studies in the Indo-Gangetic Plains (IGP) demonstrate that laser land
leveling reduces irrigation water application by 15-25%, while
simultaneously improving crop yields by 7-10% (Naresh et al., 2014;
Aryal et al,, 2015; Kumar et al,, 2017). Despite this substantial gain in
groundwater status, the negative sign of water table fluctuations observed
under Scenario 3 indicates that depletion persists, although at a reduced
rate compared to Scenarios 1 and 2. This outcome highlights that
technology-driven efficiency improvements, but not sufficient to fully
balance groundwater abstraction and recharge in over-exploited aquifers.
Similar findings were reported by Rodell et al. (2009) and CGWB (2022),
where continued extraction for high-water-demand crops like rice and
sugarcane outpaces natural recharge, even with water-saving interventions.
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The results of Scenario 4 reveal that a cropping pattern shift-reducing
sugarcane cultivation by 50% and replacing it with kharif maize-leads to
a remarkable rise in groundwater levels by 18.21 m reaching water table
elevation of 232.05 m compared to the baseline scenario (213.84 m). The
corresponding water table contour map of scenario 4 is shown in
Figure 17. Unlike Scenarios 2 and 3, which slowed depletion, Scenario 4
is the only case that exhibits a positive water table fluctuation, indicating
a reversal of groundwater decline. This underscores the critical role of
crop choice in regulating groundwater demand in intensively cultivated
regions. The significant improvement can be attributed to the stark
contrast in crop water requirements. Sugarcane is a water-intensive crop,
requiring 1800-2,200 mm of irrigation water per growing season, much
of which is extracted from groundwater (Singh et al., 2018a; Singh et al.,
2018b; Gulati and Pahuja, 2019; Kumar M. et al,, 2020). In contrast,
kharif maize requires approximately 500-600 mm of irrigation,
depending on rainfall, which translates into nearly 70-75% water savings
compared to sugarcane (NAAS, 2013; Chauhan et al, 2020). The
substitution of half the sugarcane area with maize therefore reduces
irrigation demand and groundwater pumping, reflected in the lowered
draft rate of 0.0020 m/day in Scenario 4.
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Simulated water table contours with 17% water saving under laser leveling.

The findings correlate with earlier simulation and field studies in
northern India. Rodell et al. (2009) found that sugarcane belts in Uttar
Pradesh and Haryana are hotspots of groundwater depletion.
Similarly, Sharma et al. (2021) demonstrated through groundwater
modeling that replacing high-water-demand crops with maize, pulses,
or oilseeds could significantly improve aquifer sustainability in the
Indo-Gangetic Plains (IGP). Our results align with this body of
evidence, highlighting that cropping pattern change is more impactful
than other technologies alone (channel lining, laser land leveling, etc.),
since it addresses the root cause of excessive demand.

The environmental and ecological implications are equally
significant. Multiple impacts under Scenario 1 are reduction in
baseflow to streams and rivers, harming riparian habitats and
downstream users (Jagermeyr et al., 2021; Randhir and Klosterman,
2024); soil salinization and deterioration of shallow root-zone (FAO,
2017); land subsidence and reduced groundwater storage resilience in
heavily pumped terrains (Wada et al., 2016). These processes reduce
ecosystem services like habitat provision and increase vulnerability to
droughts and between groundwater decline and agro-ecosystem
health (Rodell et al., 2009; Wada et al., 2010). Persistent groundwater
decline, even after modest efficiency gains in Scenario 2, can lead to
reduced baseflow in rivers, wetland degradation, and biodiversity
losses (Scanlon et al., 2012). In semi-arid regions like Haryana, falling
groundwater tables have already resulted in soil salinity risks and
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reduced ecosystem services (Kumar M. D. et al, 2020). The
environmental implications of laser land leveling adoption are
noteworthy. Improved irrigation efficiency reduces groundwater
pumping, nutrient leaching and waterlogging risks, thereby lowering
the incidence of soil salinity and nitrous oxide (N,O) emissions
(Humphreys et al., 2010; Bijarniya et al., 2021). However, a continued
groundwater decline, even under Scenario 3, suggests potential long-
term ecological risks, including reduced groundwater-surface water
interactions, decline in wetland ecosystems, and loss of biodiversity
(Scanlon et al.,, 2012). Scenario 4 provides multiple co-benefits.
Reduced groundwater abstraction improves the resilience of aquifer-
dependent ecosystems such as wetlands, river baseflows, and soil
microbiota (Scanlon et al., 2012). Moreover, maize cultivation emits
fewer methane (CH,) emissions compared to sugarcane or paddy,
thereby lowering the agricultural greenhouse gas footprint (Pathak
etal,, 2013; Bijarniya et al., 2021). This makes crop diversification not
only a groundwater management strategy but also a climate
mitigation pathway.

Economic feasibility and social acceptance are the key factor to
accept any technology. Scenario 1 reinforces the evidence that earthen
channels, though socially embedded and low-cost, are incompatible with
sustainable groundwater management. Unless irrigation efficiency is
enhanced beyond the baseline (60%), groundwater depletion will
continue at current or accelerated rates, threatening agricultural viability
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Simulated water table contours when 50% area of sugarcane was replaced by kharif maize.

and rural livelihoods in the study area. Additionally, trade-offs for
farmers must be considered. Seepage savings do not directly increase
farmers’ income; hence, adoption of measures such as lining of channels
or laser land leveling often depends on economic incentives and
subsidies (Narayanamoorthy, 2017). Moreover, if coupled with a shift
from sugarcane to less water-intensive crops such as maize, there can
be both economic challenges and opportunities. While maize requires
less irrigation (30-40% lower water demand), its market price volatility
and lack of assured procurement in Bihar and UP reduce its
attractiveness (Chauhan et al., 2020; ICAR, 2021). This creates a social
acceptance barrier for water-saving interventions unless complemented
with institutional support and price assurance mechanisms. With
respect to farmers’ behaviour and economic feasibility, laser land lever
has been found to be economically viable in intensive rice-wheat
systems of Punjab, Haryana, and western Uttar Pradesh, where water
savings translate into reduced pumping costs and higher crop
productivity (Jat et al., 2009; Aryal et al., 2015). However, its adoption in
regions with low-value crops (pulses, millets) is less attractive due to
lower immediate economic returns, which creates a barrier to
widespread social acceptance (Kumar R. et al., 2018). The upfront
investment (%1.5-2 lakh per machine) and dependence on service
providers further restrict adoption among smallholders unless custom
hiring centers and subsidy programs are implemented (Naresh et al.,
2014; GOI, 2021). The trade-offs associated with laser land leveler
adoption also extend to cropping pattern choices. If farmers shift from
sugarcane to maize or pulses, water savings may be reinforced, but the
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economic outcomes are mixed. While maize requires ~40% less
irrigation water, it faces market uncertainties and limited procurement
support, making it less profitable compared to sugarcane under current
policy regimes (Chauhan et al,, 2020; ICAR, 2021). This suggests that for
laser land leveling to achieve socio-economic acceptance, parallel
reforms in crop procurement policies and value chains are essential.
Social acceptance is also influenced by traditional cropping practices and
risk perceptions. Sugarcane provides year-round income and fodder
security, while maize is seasonal and more dependent on monsoon
variability (Kumar R. et al, 2018; Kumar M. et al., 2020; Kumar
M. D. etal., 2020). Sugarcane is often perceived as a “cash crop” because
of assured procurement through sugar mills, price support mechanisms,
and by-products (jaggery, ethanol, fodder) (Gulati and Pahuja, 2019).
Conversely, maize faces market price volatility, limited procurement, and
weaker value chains, which reduce farmer incentives to shift voluntarily
(Chauhan et al,, 2020). Therefore, large-scale adoption of Scenario 4
would require institutional support, including crop insurance,
strengthening maize processing industries, market linkages, and
incentives for sustainable water use (ICAR, 2021; GOI, 2022).

The baseline (E, = 60%) inefficiency has implications for water
policy. Lining channels, piped delivery, and metered electricity for
groundwater pumping reduce unaccounted losses and signal scarcity
(IWMI, 2021; TWMI, 2023). Subsidies for micro-irrigation (drip/
sprinkler) or laser leveling should be coupled with basin-level
allocation rules (Kumar et al., 2015; Kumar et al., 2019; Shah et al.,
2021). Recent policy needs to be revised by Central and State
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Government by giving paired subsidy programs through different
schemes to reduce groundwater pumping and increase recharge.
Scenario 1 underscores the need for district/aquifer-level water
budgets, monitoring and enforceable withdrawal rules (CGWB, 2022;
Rodell et al., 2018). For Scenarios 2 and 3, upfront investment costs,
limited technical knowledge and maintenance requirements may also
deter adoption. Combining crop diversification, pricing reform, and
community institutions (Pani Panchayats, WUAs) is essential to
convert plot-level efficiency into basin-level sustainability (IWMI,
2021). For marginal and fragmented holdings, the per-farm capital
burden is high unless provided via custom hiring centers, FPO
aggregation, or targeted financing. Shifting from sugarcane (high
water use, high revenue, assured mill procurement) to kharif maize
(lower water use, lower revenue but shorter cycle) is a big challenge
for farmers as sugarcane yields higher gross income and benefits but
maize profitability depends on without reliable off-take and price
support, farmers face income risk (Gulati and Pahuja, 2019).
Transition affects labour demand and local economies; social
protections and alternative livelihood support must accompany
diversification policies. This study is helpful in planning of
groundwater pumping strategies in study area and results may useful
in development of sustainable groundwater management strategy.

5 Conclusion

Rasoolpur Jatan is experiencing a rapid decline in groundwater
level. To analyze groundwater table behaviour under various water
management technologies, a three-dimensional groundwater model
(MODFLOW) was calibrated, and validated. Simulation results
indicated that groundwater irrigation in the study area is not
sustainable because it is not only a hydrological challenge but also an
agricultural and economic policy issue. Policymakers must recognize
that continuing sugarcane-dominated systems will exacerbate aquifer
stress, threatening long-term water security, irrigation reliability, and
farmer livelihoods. Resource managers should prioritize crop
diversification, incentive-based policies, and integrated demand-
supply interventions rather than focusing solely on efficiency
technologies. For farmers, the results indicate that shifting towards
less water-intensive crops can secure water availability for future
generations, though market assurance and income stabilization
remain limitations for adoption. Future research should integrate
climate change projections and its impacts on groundwater behaviour,
groundwater quality, land use change and economic modeling of crop
profitability and its impacts to provide a more holistic assessment.
Comparative studies across different agro-climatic regions would also
help to refine the scalability of these interventions.
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