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Abstract

:

Focusing on the Lower Bari Doab Canal (LBDC) command area, characterized by its heavy reliance on agriculture, this study addresses the critical issue of groundwater table fluctuations in response to diverse pumping scenarios. Herein, we comprehensively evaluated the dynamic interplay between crop water requirements and groundwater pumping within the expansive canvas of the LBDC, which is facing water shortages. Using the Penman–Monteith equation, we calculated annual average evapotranspiration for major crops—wheat, maize, cotton, rice, and sugarcane. Three-dimensional MODFLOW-based numerical modeling was used to analyze the dynamics of groundwater regimes. MODFLOW was calibrated from 2010 to 2020. Thereafter, we simulated water table changes under a 20% increase and decrease in groundwater extraction up to 2040s. Results revealed significant variations in water demands among these crops, with sugarcane requiring the highest average annual evapotranspiration at 1281 mm. Spatiotemporal analysis revealed substantial declines in the water table in the tail-end command areas, particularly Sahiwal and Khanewal where the decline was 0.55 m/year between 2010 and 2020. The upper reaches, such as Balloki and Okara, experienced milder declines. In considering management scenarios, a 20% increase in groundwater extraction up to September 2040 was projected to raise pumping to 4650 MCM/year. and decrease the net water balance to −235 MCM/year. Alternatively, a 20% decrease in groundwater extraction up to September 2040 could reduce pumping to 4125 MCM/year and increase the net water balance to 291 MCM/year. This study sheds light on major crop water requirements, spatiotemporal groundwater dynamics, and the implications of groundwater extraction in the LBDC command area. Scenarios presented here, encompassing increased and decreased groundwater extraction, offer invaluable guidance for policymakers and stakeholders seeking a balance between agricultural productivity and long-term groundwater sustainability.
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1. Introduction


Groundwater, a critical component of Earth’s hydrological cycle, plays a pivotal role in sustaining both natural ecosystems and human livelihoods worldwide [1,2,3,4]. Over 40% of the world’s food requirements are dependent on irrigated areas, utilizing around 70% of the water for agriculture [5]. Globally, groundwater extraction has witnessed an unprecedented surge, accounting for approximately 42% of the world’s irrigation supplies [6,7,8] and irrigating 113Mha of the world’s irrigated land [8]. Groundwater extractions will increase by 39% by 2050 [9]. Global groundwater reserves are increasingly vulnerable to the multifaceted consequences of climate change and human interventions [10,11,12,13]. Prolonged droughts and altered precipitation patterns are causing reduced groundwater recharge rates, making aquifers less resilient to extraction demands [14,15]. Simultaneously, escalating human populations and burgeoning agricultural practices exert relentless pressure on these finite subsurface resources [16,17,18,19,20]. Prolonged groundwater depletion can exacerbate drought conditions, further intensifying water scarcity challenges in already arid regions [17,21]. The heightened reliance on groundwater for agriculture and drinking water has profound implications, not only for the sustainability of local aquifers but also for the broader environment and climate dynamics.



Within the context of the Indus Basin Irrigation System (IBIS), which encompasses a vast and intricate irrigation network in Pakistan, groundwater depletion stands as a pressing concern [22,23,24,25,26,27]. The historical imbalance in surface water distribution, aggravated by the geopolitical context of the region, has disproportionately affected the availability of water resources in the region [28]. The major area of IBIS is located under arid to semi-arid conditions with an annual average rainfall of 250–500 mm [29,30]. Only 15% of water requirements are met by direct rainfall and the remaining agricultural needs are met by surface and groundwater irrigation [31]. Because Pakistan’s surface water resources are limited, groundwater is frequently used to fill the gap between crop water demands and supplies [32,33,34]. About 70% of the overall irrigation water requirements are fulfilled by groundwater while the remaining are met by surface water supplies [35]. However, this heightened reliance on groundwater has caused widespread decline in aquifers, adversely affecting their sustainability [24,36]. Therefore, recognizing the far-reaching implications of this trend, effective groundwater management within IBIS is imperative. It entails not only ensuring equitable water allocation but also necessitates innovative strategies to enhance recharge, reduce extraction, and optimize agricultural water use.



To comprehend and manage groundwater systems effectively, a combination of advanced monitoring and modeling techniques has proven indispensable [37]. Groundwater monitoring encompasses diverse approaches, including in situ observations through wells, boreholes, and piezometers, which provide crucial data on water table depths, aquifer properties, and water quality parameters [38,39,40]. However, the key limitation of point-based monitoring lies in its limited spatial coverage and inability to capture the intricate dynamics of large-scale groundwater systems comprehensively. Alternatively, numerical modeling approaches have emerged as pivotal tools for simulating groundwater behaviors across extensive regions [41,42,43]. In the realm of groundwater hydrology, numerical modeling has emerged as an indispensable tool, offering comprehensive insights into the behavior of subsurface water resources [44]. These models employ mathematical algorithms to represent the complex interactions governing groundwater flow [45], solute transport, and aquifer response [46,47]. Various numerical models have been developed to simulate groundwater flow and solute transport, including FEFLOW, GMS, HydroGeoSphere, and MODFLOW, among others [18,19,36,48]. Reference [49] used different numerical models to investigate flow and solute transport in geological reservoirs. Reference [50] analyzed the impacts of groundwater extraction on land subsidence. Reference [51] used MODFLOW coupled with SWAT (Soil Water Assessment Tool) and space observations to estimate the groundwater depletion on basin-scale. Reference [52] delineated potential groundwater recharge in the Limpopo River Basin using integrated SWAT-MODFLOW [53]. Hydro geo-spheres have used for modeling groundwater abstraction of wide basins. Each of these models possesses its unique features and capabilities, making them suitable for specific applications [54]. Among them, MODFLOW, a robust numerical modeling platform, stands out as a preeminent choice due to its ability to simulate intricate groundwater flow patterns, incorporate geological heterogeneity, and address varying boundary conditions, making it particularly suited for assessing groundwater dynamics in large-scale and hydro-geologically complex settings [55].



Numerous studies have undertaken comprehensive investigations into aquifer dynamics across various regions within the Indus Basin Irrigation System (IBIS), as evidenced by the works of [56,57,58,59,60]. These rigorous studies have diligently examined groundwater dynamics in both urban and agricultural areas, providing valuable insights predominantly from historical perspectives. Nevertheless, it is noteworthy that these investigations have primarily focused on historical perspectives, omitting considerations of potential future scenarios of water abstractions. Moreover, their attention to groundwater budget accounting, particularly with regard to the vast irrigated canal command area, remains somewhat limited. Hence, there exists an imperative need to expand the scope of research in this domain, encompassing future water abstraction scenarios and a comprehensive assessment of the groundwater budget, especially in the context of large-scale irrigation systems like IBIS.



Our study addresses a critical knowledge gap by comprehensively examining the dynamic interaction between crop water requirements and groundwater pumping within the water-scarce agricultural region of Punjab, Pakistan. Employing the Penman–Monteith equation to calculate crop evapotranspiration and subsequently integrating these estimations into numerical simulations using visual MODFLOW 2011, we pursue three primary objectives. Firstly, we aim to illuminate the pivotal role of crop water demands in shaping groundwater dynamics. Secondly, we explore the potential impacts of varying water abstraction scenarios on groundwater resources. Thirdly, our study endeavors to provide evidence-based insights for sustainable water resource management within the water-scarce agricultural region. By revealing the intricate interdependency of crop water needs and groundwater pumping, our findings offer crucial guidance for policymakers, irrigation operators, and agricultural stakeholders. These insights hold promise in guiding strategic decisions related to water allocation, optimized irrigation schedules, and the prevention of groundwater exploitation, thereby contributing significantly to the sustainable management of this vital natural resource within the IBIS.




2. Materials and Methods


2.1. Study Area


The LBDC command is the Irrigated Indus Basin, covers a culturable command area (CCA) of 0.70 million hectares. The LBDC main canal is 201 km long with 2264 km of total length of distribution channel that offtakes from the river Ravi at Balloki headworks (Figure 1). It has a designed flow of 278 m3/s. From 1911 to 1913, the irrigation system was designed with equitable canal supplies over the command, for 67% cropping intensity, which has steadily increased to 150% and in some areas even up to 180%. Surface elevation for the study area ranges from 199 m in Balloki to 115 m. The dominant part of the LBDC command is located in an arid to semi-arid climate zone where the annual average rainfall is below 250 mm/year and the temperature touches above 45 °C during summer. Two cropping seasons exist in the area, i.e., Rabi season (April–September) and Kharif season (October–March). Wheat is the major crop sown in the area along with fodder, while cotton, maize, and rice are the major crops of the Kharif season.




2.2. Research Framework


We have calculated the crop water requirements for the five major crops (wheat, rice, cotton, maize, and sugarcane) cultivated in the study area by employing the Penman–Monteith governing equation. Subsequently, we determined the net irrigation requirement. To assess groundwater level dynamics, we employed a finite difference three-dimensional groundwater model. Additionally, we have explored practical management scenarios involving increased or decreased groundwater extractions. The research framework adopted to accomplish our research objectives and elaborated in detail is presented in Figure 2.



2.2.1. Data Collection


To accomplish the study objectives, two distinct sets of data were collected. The first dataset comprised meteorological data necessary for calculating the crop water requirement of the major crops cultivated within the study area. This dataset encompassed variables such as maximum and minimum temperatures, rainfall, solar irradiance, and relative humidity. We collected data from meteorological stations installed in Okara and Sahiwal districts. For estimating data in other zones, the Inverse Distance Weighting (IDW) technique was applied, utilizing data from stations located within the study area and in proximity to the command area, such as Lahore and Multan. The second dataset encompassed information pertinent to the groundwater model. This set included groundwater levels observed during both pre-monsoon and post-monsoon seasons, river stage data for the LBDC and the River Ravi, as well as aquifer parameters, including hydraulic conductivity, specific storage, specific yield, and effective porosity. These aquifer parameters were derived from observation logs generated by WAPDA (Water & Power Development Authority) and NESPAK (The National Engineering Services Pakistan), Pakistan. Additionally, a digital elevation model (DEM) based on the 30 m Shuttle Radar Topographic Mission (SRTM) for the LBDC command area was obtained from the United States Geological Survey (USGS).




2.2.2. Depth to the Water Table


Depth to groundwater table (DTWT) data of 100 observational wells for pre-monsoon (April) and post-monsoon (September) seasons from 2010 to 2010 was collected from Punjab Irrigation Department (PID), Lahore, Pakistan. Additionally, we also used high-resolution (1 km × 1 km) data of groundwater level changes reconstructed by a previous study [61]. These data were reconstructed using machine learning models with the help of available observational wells and remote-sensing-assisted environmental variables. They were also been verified with in situ observations and indicated reasonable accuracy with R2 (0.87). We used this data to assess spatial patterns and hotspots of groundwater drawdown within the canal command area.




2.2.3. Crop Water Requirement


Crop water requirement is defined as the water depth needed to replenish the water lost through evapotranspiration (ETc) by a crop, assuming it is free from diseases, cultivated in extensive fields, and subject to non-restrictive soil conditions. Among various methods for calculating ET, the Penman–Monteith equation stands out for its superior accuracy. This method closely aligns with actual ET data, with minor annual variations. The FAO Penman–Monteith equation comprehensively captures the physical and physiological factors governing the evapotranspiration process, offering a concise representation. The mathematical expression for calculating evapotranspiration using the Penman–Monteith method is as follows:


   E T o =   0.408 Δ   R n − G   +     γ   900   T + 273      u  2        e  s     −  e  a         Δ + γ   1 + 0.34  u  2             



(1)




where    E T o    represents the reference evapotranspiration in mm/day,    R n    is the net radiation received at crop surface,   T   is the daily mean air temperature, G is the heat flux density of soil,    u 2    represents the wind speed (2 m height (m/s)), es as saturation vapor pressure (kPa),     e  a        is the actual vapor pressure (kPa),   γ   is the psychometric constant (kPa/°C), and Δ is the vapor pressure slope curve (kPa/°C).



Reference evapotranspiration of individual crop was calculated using the metrological data of the crop based on the crop growing period and later multiplied with the crop coefficient (Kc) value of the individual crop.



The crop coefficient (Kc) is the ratio between the reference crop ET and the maximum ET of the specific crop. Mean monthly crop coefficient for individual crops has been represented in Table 1.


   E  T c  = E  T o  ×  K c    



(2)







Net irrigation requirement (NIR) is calculated simply by subtracting effective rainfall (Peff) from the observed rainfall (P). Effective rainfall is taken normally as 80% of the observed rainfall [63]. Mathematical expressions for effective rainfall and crop water requirements are given below (Equations (3) and (4)).


    P  e f f   = P × 0.8   



(3)






   N I R = E  T C  −  P  e f f     



(4)









2.3. Numerical Groundwater Modeling


The numerical groundwater flow model is a mathematical depiction of the movement of groundwater through an aquifer made up of saturated rock and silt. It is important to make up the simplifying assumptions regarding the aquifer and the physical processes regulating groundwater flow to solve the equation that makes up the flow model. For the precise simulation and forecasting of aquifer conditions, groundwater models are utilized. A thorough water balance assessment must be conducted to manage groundwater in a basin effectively. To measure groundwater flows and examine dynamic changes in groundwater level, a three-dimensional transient-state finite difference groundwater flow model was used. Groundwater models give outputs in the form of water head contours to show the dynamics in groundwater levels. The parameters incorporated in the model are discussed in Figure 3. In the current study, a finite difference 3D visual MODFLOW model was used. The principal equation for a finite difference three-dimensional model is expressed below (Equation (5)):


    ∂  ∂ x      K  xx     ∂ h   ∂ x     5 +    K  yy     ∂ h   ∂ y     +    K  zz     ∂ h   ∂ z     + W =  S s    ∂ h   ∂ t     



(5)




where Kxx, Kyy, Kzz represent the hydraulic conductivity in the x-axis, y-axis, and z-axis, respectively. W represents the volumetric flux per unit volume, h is the potential head, and Ss is the Specific storage of porous medium (L−1).




2.4. Boundary and Initial Conditions for the Numerical Model


Boundary conditions can relate to groundwater inflows and outflows along the model’s boundaries on the one hand, or levels of the water table and hydraulic head along those boundaries on the other. In addition, the initial conditions refer to the initial values of components inside the model domain that may change over time and cover many of the same phenomena as the boundary conditions. The initial and boundary conditions may change depending on the location. In the current groundwater model, the river stage data was assigned to the river Ravi, Lower Bari Doab Canal (LBDC), and Sidhnai Mailsi Bahawal (SMB) link canal in a monthly stress period for a period from October 2010 to September 2020.




2.5. Aquifer Properties and Model Layering


The aquifer’s alluvial deposits are notably heterogeneous in both horizontal and vertical orientations. In spite of this, most people think of the aquifer as a single, continuous unit. Based on the boreholes dug by Water and Power Distribution Authority (WAPDA) in 1978, the average values of the hydraulic conductivity for the aquifer were estimated. The cross sections of four sites (one for each district) created in Golden Software Surfer 16.6 is shown in (Figure S1). The spatial variation of hydraulic conductivity (K), specific yield (Sy), and specific storage (Ss) are represented in Figure 4. Average hydraulic conductivity, specific yield, and specific storage values of the aquifer range from 11.1 to 71.5 m/day, 0.11 to 0.17, and 0.000071 to 0.00034 m−1, respectively. The model setup contains three layers with thicknesses of 30 m, 95 m, and 180 m for the top, middle, and bottom layers, respectively. The top layer was provided considering the max depth to water table (20 m). The thickness of middle layer was based on the maximum depth of bore in the area, while the bottom layer was extended to the bedrock of the aquifer.




2.6. Groundwater Recharge


Groundwater recharge was incorporated from two major sources, i.e., rainfall recharge and field application losses. Field application losses were further bifurcated into surface water irrigation and pumping irrigation flow to groundwater. Suitable factors based on literature were used as a fraction contributing to groundwater [19]. The factors used for rainfall recharge (f1), canal irrigation (f2), and pumping return flow were 20, 25, and 25%, respectively (Equation (6)).


   R c  h  i , j   =  f 1  ×  R  i , j   +  f 2  × I  c  i , j   +  f 3  × I  p  i , j     



(6)




where f1, f2, and f3 are the percentage factors, Ri,j is rainfall in model cell, Ici,j is canal irrigation returns to model cell, and Ipi,j is pumping irrigation return to model cell.




2.7. Groundwater Pumping


Based on the nature of the available data, groundwater abstraction was estimated using the utilization factor (UF) method and crop water deficit (CWD) approach. Several parameters like operating pumping hours in a day, cropping season, bore diameter, and type of well were incorporated to calculate a utilization factor. The Punjab Bureau of Statistics documents the number of tubewells in each district of Punjab, and hence the total groundwater pumping was calculated for the total number of tubewells in the canal command using Equations (7) and (8).




   U F    %  =    number   of   tubewell   operation   hours   in   a   year     the   total   number   of   hours   in   a   year   × 100   



(7)






   T o t a l   P u m p i n g = A v g .   p u m p i n g   o f   o n e   T W × F  %  × T o t a l   n o .   o f   T u b e w e l l   



(8)





Pumpage calculated through the utilization factor has a limitation in that it does not provide temporal pumpage; rather, it estimates a single value for a year. To counter the challenge, a monthly temporal change in evapotranspiration was utilized to estimate the monthly pumpage in the area. The size of each model grid is 1 km2 and includes an average of eight tubewells calculated by dividing the number of pumping wells by the active model cells.



For the crop water deficit approach, evapotranspiration, rainfall, and surface water supply parameters were used to estimate the pumping. Evapotranspiration data calculated through the Penman–Monteith equation, rainfall from the Pakistan Metrological Department, and canal supplies from the Punjab Irrigation Department were utilized for pumping estimation (Equation (9))


   C W D = E  T a  − S W −  P  e f f     



(9)




where ETa is the actual crop water requirement, SW is the surface water supply, and Peff is the effective rainfall. The average groundwater pumping calculated using the utilization factor against the number of tubewells and CWD was 4574 MCM and 4294 MCM, respectively, from 2010 to 2019 (Figure 5). Therefore, the pumping calculated through the CWD approach was utilized in the model as it provided better estimation.




2.8. Stress Period and Time Step


The model was provided with 120 stress periods from October 2010 to September 2010. The length of each stress period was 30 days with 1 time step, which means the length of the stress periods and time steps was the same, i.e., 30 days. For both of the pumping scenarios, an additional 240 stress periods were added, which makes a total of 360 periods up to September 2040.





3. Results and Discussion


3.1. Spatio-Temporal Patterns of Climatology and Actual Evapotranspiration


The climate of LBDC command, based on long-term climatic data, is termed as hot to moderate summer and pleasant winter. Metrological records of Lahore, Okara, Sahiwal, and Multan stations suggested that the annual average maximum and minimum temperatures in the area are 31.4 °C and 18.5 °C, respectively. The annual average rainfall varies between 712 mm and 237 mm in Lahore and Multan, respectively. Spatio-temporal variation in minimum and maximum temperature and rainfall is shown below (Figure 6).



In the LBDC command area, a profound understanding of crop water requirements is indispensable for effective agricultural planning and efficient water resource management. A spatial distribution of decade-average ET for the five primary crops cultivated in this region—wheat, maize, cotton, rice, and sugarcane—is represented in Figure 7. Commencing with wheat, a staple winter cereal in the LBDC command region, it necessitates an annual average ET of 444 mm. The strategic application of irrigation during critical growth stages is paramount to augment yields and enhance grain quality. Maize, another prominent crop in the area, exhibits an annual average ET of 271 mm. As a warm-season cereal, maize mandates consistent moisture throughout its growth cycle to foster robust kernel development and maximize overall yield. Cotton, renowned as the principal cash crop, boasts an ET of 748 mm/year. Ensuring timely and sufficient irrigation is imperative to sustain its extended growth duration and bolster the production of premium-quality fibers. Rice, characterized by its high water dependency, registers a yearly ET of 975 mm. Typically cultivated in flooded fields, meticulous water management is essential to circumvent waterlogging while concurrently providing the requisite moisture for growth and grain maturation. Sugarcane, recognized as the most water-intensive crop in the region, exhibits an average annual ET of 1281 mm. Given its protracted growth season, sugarcane’s substantial water demands underscore the need for meticulous irrigation management. Spatially, ET values tend to escalate in the lower reaches, attributed to elevated temperatures and reduced rainfall. Notably, the area with relatively higher temperatures and distinct climatic factors manifests increasing ET values (Figure 7).



Moreover, we observe seasonal variations in ET (Figure 8). During the Rabi season, characterized by an average ET of 475 mm/year, the peak ET of 168 mm was recorded in December 2015. Conversely, in the Kharif season, marked by a notably higher average ET of 1102 mm/year, and the maximum ET of 226 mm was observed in June 2011. These variations in ET are influenced by the crops sown during each season and the prevailing climatic conditions (Figure 6) and also aligned with the findings of previous studies [64]. These findings provide critical insights into crop water requirements and seasonal dynamics, laying the foundation for informed decision-making in agriculture and water resource management [62,65].




3.2. Spatio-Temporal Distribution of Depth to the Water Table in the LBDC


Analyzing the spatio-temporal distribution of water table depth in the LBDC command area revealed noteworthy trends (Figure 9). In the upper reaches, specifically Balloki and Okara, the rate of depletion was approximately 0.34 m/year. Conversely, in the lower reaches, encompassing Sahiwal and Khanewal, the water table exhibited a substantial decline at a rate of approximately 0.55 m/year. A clear illustration of this disparity is evident in Khanewal, where the average water table depth increased from 19.3 m in 2010 to 21.8 m in 2019 (Figure 9). This difference in water table dynamics between upper and lower reaches can be attributed to several factors. Notably, the upper reaches benefit from recharge through seepage from the main canal. In contrast, the lower reaches experience more significant declines due to reduced recharge resulting from seepage losses and higher rates of groundwater pumping [66]. Additionally, unequal distribution of surface water availability is a pivotal factor contributing to the observed variations in groundwater table depth across the LBDC command area [23,61]. The upstream farmers get more water from the surface channels as compared to lower reach farmers. The farmers in the tail of each distributary used ~40% of the total groundwater consumption [67], which caused a higher decline in the water table.




3.3. Model Calibration


The simulated water tables were compared to the observations for calibration of the MODFLOW model. A total of 29 field observations were used for calibration purposes. Factors 0.25, 0.5, 1.0, 1.25, 1.5, and 2.0 were used during the calibration. Hydraulic conductivity was found to be the most sensitive parameter during model calibration and the model was calibrated at a factor of 0.7 times the value of assigned hydraulic conductivity. The absolute residual mean, root mean square error (RMSE), and residual mean for calibration were 0.91, 1.21, and 0.03, respectively (Table 2). A plot between simulated and observed heads is shown in Figure 10. The applications of MODFLOW for groundwater table simulations has also been reported with reasonable accuracy in previous studies [68,69,70].




3.4. Groundwater Budget


The water budget analysis encompassed four major components: river leakage, recharge (comprising rainfall and field application losses), groundwater pumping, and evapotranspiration. We simulated the water budget from October 2010 to September 2019 (Figure 11). The outcomes of the water balance analysis unveil the intricate interplay between various hydrological components. River and canal leakage were identified as crucial sources of recharge, collectively contributing 1586 MCM/year, which corresponds to 32% of the total recharge volume. Additionally, other sources, such as rainfall and field application losses, significantly bolstered the recharge, amounting to 3281 MCM/year and constituting a substantial 67% of the overall recharge. Groundwater extraction emerged as a predominant outflow component, with an estimated annual average of 4382 MCM/year. This voluminous extraction represents a substantial 89% of the total outflow from the hydrological model. Conversely, evapotranspiration, constrained by the deep-water table conditions, made a comparatively modest contribution, totaling 538 MCM/year. The intricate hydrological balance results in a net loss in aquifer storage, amounting to 53 MCM/year. Despite the theoretical availability of 53 MCM/year for extraction, it is imperative to exercise caution and refrain from tapping into this storage through pumping. Such actions would pose a significant threat to the long-term sustainability of the groundwater resource, warranting careful management and conservation measures.




3.5. Groundwater Management Scenarios


3.5.1. 20% Increase in Groundwater Extraction by 2040


In the pursuit of sustainable groundwater management, two different scenarios were meticulously examined to gauge their potential implications on the LBDC command area’s hydrological equilibrium. The first scenario involved a substantial 20% increase in groundwater extraction by the year 2040. This adjustment was deemed necessary due to mounting pressures driven by escalating cropping intensity and a gradual reduction in surface water availability. While all other components of the water budget remained unaltered, this augmentation in groundwater extraction projected a significant surge in pumping rates, reaching 4650 MCM/year (Figure 12). However, this augmentation bore a noteworthy consequence, as the net water balance was adversely impacted. A considerable decline from the previous value of 53 MCM/year was observed, plunging to a deficit of −235 MCM/year. Furthermore, to provide a comprehensive understanding of the ramifications of this scenario, Figure 13 illustrates a plot depicting the simulated versus observed groundwater levels in select observation wells. An irreversible decline in water table trends up to 2040 was observed for all selected observational wells. These trends underscore the pivotal importance of prudent groundwater management strategies to maintain equilibrium and safeguard against impending challenges in the coming decades.




3.5.2. 20% Decrease in Groundwater Extraction up to September 2040


In an alternative groundwater management scenario aimed at achieving a more sustainable equilibrium, a deliberate 20% reduction in groundwater pumping was contemplated, extending up to September 2040. This strategy was contingent upon the regulation of tube wells and the potential development of storage structures, while keeping all other water budget components unchanged. The outcomes of this reduction were significant, resulting in a notable decline in groundwater pumping rates, which plummeted to 4125 MCM/year (Figure 14). More importantly, this measure yielded a positive impact on the net water balance, significantly ameliorating the situation from the previous value of 53 MCM/year to a commendable surplus of 291 MCM/year.



The time series comparing simulated and observed groundwater levels in select observation wells during 2010–2020 and projected results until 2040 are represented in Figure 15. Results indicated a decreasing trend in water table decline between 2020 and 2040. Ref. [71] reported that 20% recharging to the aquifer would increase the water supply capacity for irrigation by 70% in projected periods. Our findings underscore the efficacy of proactive groundwater management strategies, offering a promising avenue for safeguarding the long-term sustainability of groundwater resources in the LBDC command area.





3.6. Limitations and Future Work


Despite the comprehensive assessment of groundwater dynamics, key limitations still exist in this work. Firstly, the availability of meteorological data from specific monitoring stations within the LBDC command area restricted the spatial coverage of climate data. Expanding the network of weather stations and acquiring more extensive datasets would enhance the accuracy of future analyses. Additionally, this study primarily focused on groundwater quantity and dynamics, with limited consideration of groundwater quality. Future investigations should incorporate a thorough assessment of groundwater quality, given its pivotal role in sustainable water resource management. Furthermore, this study assumed constant aquifer properties, potentially overlooking variations in aquifer characteristics. Incorporating these variations into models would improve the representation of real-world conditions. Future research should endeavor to develop integrated hydrogeological models that encompass both groundwater quantity and quality, providing a more holistic assessment of water resources in the LBDC command area. Consideration of the potential impacts of climate change, such as altered precipitation patterns and temperatures, on groundwater dynamics and crop water requirements is crucial. Tailored groundwater management strategies should be explored for different regions within the LBDC command, accounting for unique hydrogeological conditions and socio-economic factors. The development of policy frameworks and management guidelines that promote sustainable groundwater use, equitable water distribution, and responsible agricultural practices is essential.





4. Conclusions


This study rigorously estimated crop water requirements using the Penman–Monteith equation and meticulously analyzed groundwater dynamics from October 2010 to September 2019 using a comprehensive three-dimensional groundwater model. Key findings include significant disparities in crop water needs between upper (Balloki and Okara) and lower (Sahiwal and Khanewal) reaches, averaging 891 mm/year and 1170 mm/year, respectively. Notably, the lower reaches experienced a faster groundwater table decline at 0.55 m/year compared to 0.34 m/year in the upper reaches. The observed annual average recharge from river and canal leakage was 1586 MCM/year, complemented by 3281 MCM/year from other sources. Groundwater extraction averaged 4382 MCM/year, emphasizing its pivotal role in the water balance. Projections for a 20% increase in groundwater pumping until September 2040 indicated accelerated declines in groundwater levels, reaching rates of 0.51 m/year in the upper reaches and 0.74 m/year in the lower reaches. Conversely, a 20% decrease in pumping led to an enhanced net storage of 291 MCM/year from the previous 53 MCM/year.



These findings, underpinned by rigorous modeling and analysis, bear far-reaching implications. They proffer invaluable guidance for policymakers, water resource managers, and researchers, collectively fostering concerted efforts to combat groundwater depletion, secure long-term agricultural viability, fortify overall water security, and ultimately confer the benefits onto the farming community. Moreover, we advocate for future research endeavors that delve into water quality concerns through solute transport modeling, thereby paving the way for an integrated approach to tackle the dual challenges of declining groundwater levels and water quality. Such holistic endeavors hold the potential to usher in sustainable groundwater development, thereby enhancing the livelihoods of farming communities and the resilience of this vital resource.
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Figure 1. Lower Bari Doab Canal (LBDC) command. 
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Figure 2. Methodology flow chart. 
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Figure 3. The parameters used in model development. 
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Figure 4. Spatial distribution of K, Sy, and Ss in the LBDC command. 
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Figure 5. Groundwater pumping comparison between UF and CWD approaches. 
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Figure 6. Spatio-temporal variation in rainfall, Tmin and Tmax (2010–2020). 
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Figure 7. Annual average crop water requirement of five major crops. 
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Figure 8. Average evapotranspiration for Rabi and Kharif seasons (2010–2020). 
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Figure 9. Spatio-temporal variation in groundwater level from 2010 and 2020. 
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Figure 10. Comparison between calculated and observed head for calibration. 
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Figure 11. Groundwater budget in LBDC command area (2010–2019). MCM (million cubic meter). 
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Figure 12. Average GW budget for 20% increase in pumping up to 2040. 
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Figure 13. Simulated heads (MSL) for 20% increase in groundwater extraction by 2040—time step on x-axis is monthly. (The longitude and latitude of the OW1 (368089.2, 3436025), OW2 (345518.1, 3391228), OW3 (263012.9, 3383686), and OW4 (236519.2, 3351202) in UTM). 
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Figure 14. Average GW budget for a 20% decrease in pumping up to 2040. 
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Figure 15. Simulated heads (MSL) for 20% decrease in groundwater extraction up to September 2040—time step on x-axis is monthly. (The longitude and latitude of the OW1 (368089.2, 3436025), OW2 (345518.1, 3391228), OW3 (263012.9, 3383686), and OW4 (236519.2, 3351202) in UTM). 
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Table 1. Mean monthly crop coefficient values of major crops being sown in LBDC command [62].
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Crop Type.

	
Mean Monthly Crop Coefficient (Kc)




	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
Wheat

	
1.08

	
1.13

	
0.57

	

	

	

	

	

	

	

	
0.3

	
0.34




	
Cotton

	

	

	

	

	
0.35

	
0.44

	
0.92

	
1.21

	
1.21

	
1.05

	
0.72

	




	
Maize

	

	

	
0.5

	
0.36

	
0.34

	
0.36

	
0.4

	

	

	

	

	




	
Rice

	

	

	

	

	

	
0.30

	
0.61

	
1.19

	
1.09

	
0.56

	

	




	
Sugarcane

	
0.54

	
0.72

	
0.66

	
0.6

	
0.52

	
0.48

	
0.6

	
0.73

	
0.84

	
0.9

	
0.7

	
0.54











 





Table 2. Statistical parameters for model evaluation.
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	Parameter
	Calibrated Statistics





	No. of Observations
	29



	Res. Mean
	0.03



	Abs. Res. Mean
	0.91



	Res. Std. Deviation
	1.35



	RMSE
	1.21



	Min. Residual
	−2.20



	Max. Residual
	1.9
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Data Collection

Groundwater Level
Tube well Data
Aquifer Parameter
Porosity
Canal Data

Avg. Tmin (°C)
Avg. Tmax (°C)
Solar Radiation
Wind Speed
Relative Humidity

Punjab Irrigation
Department, NESPAK and
Punjab Development
Statistics

Pakistan
Meteorological
Department

Daily Rainfall

(mm)

Data Analysis Constant Head (CHD)

River Package

Model Boundary
Conditions

Rainfall Recharge
Specific Storage
Porosity
Tube wells
Initial Heads

900
0.408A(R, — G) + YT 1273 U2 (e — €a)
A+ vy(1+ 0.34u,)

)
|
| |
I )
I |
I |
I |
! )
! )
I )
I )
I )
I |
I ]
I |
! )
! )
I )
I )
| | Potential ET (ETo) ' !
|

]
|
| :
I )
I )
I )
I )
I |
I ]
! |
! )
I )
I )
I )
I |
I |
I ]
! |
! )
I )
|

ETO ==

Hydraulic Conductivity
Specific Yield

| ETo x Kc .

Crop Water
Requirement (CWR)

Calculate Head Manual Calibration

Acceptable Error Non-acceptable Error

Net Irrigation

Requirement (NIR) Validation

Management
Scenarios

Increase/Decrease in
Groundwater Extraction






media/file30.png
Head (m amsl)

Head (m amsl)

175

174

[
]
[FE]

172

171

146

145

144

143

142

Oow1l

==g==hserved
el Calculated

30

930 1830 2730 3630 4530 5430 6330 7230

OW3

==g== Observed

=== Calculated

30

930 1830 2730 3630 4530 5430 6330 7230
Time

167

166

Head (m amsl)

164

163

128

127

Head (m amsl)
= =
3% (%]
()] [w)]

OW2

==g==hserved
=== Calculated

30 930 1830 2730 3630 4530 5430 6330 7230

OwW4

e=@== Observed
=@ Calculated

30 930 1830 2730 3630 4530 5430 6330 7230
Time





media/file18.png
Year 2010 Year 2013

. Monitoring Wells

GWL (AMSL)

. Monitoring Wells

GWL (AMSL)

Monitoring Wells

. Monitoring Wells
GWL (AMSL)

GWL (AMSL)






media/file21.jpg
u River Leakage
u Well

u Recharge

= ET

538

3281 MCM

4382






media/file31.png





media/file26.png
175

oWl
174 L ==g== Observed
- =@== Calculated
2 173
m
£
® 172
B
T
171
30 930 1830 2730 3630 4530 5430 6330 7230
Time
OWS3
145 ==@==Observed

=== Calculated

Head (m amsl)
=
&

=
.
P

(Y
=
=

30 930 1830 2730 3630 4530 5430 6330 7230

Time

Head (m amsl)

Head (m amsl)

167

166

165

164

163

162

127

126

125

124

123

OW2

==g==Observed
==@==Calculated

30 930 1830 2730 3630 4530 5430 6330 7230

Time

OW4

==@==(bserved

==@==Calculated

s 117

30 930 1830 2730 3630 4530 5430 6330 7230

Time





media/file27.jpg
m River Leakage 437 1210
u Well
3243 MCM
= Recharge
4125

n ET





media/file3.jpg
e TmnC Gommsmerient
o || A Tl e Taeion .
| e [ st o e L oo
Resne iy G suses

iy | Conton e 01
congions [T A Pacge

oo 0 ey
T =

i

S Siorgt
resiy

s ooy
sphcriis

Recurement W)

oGt

[rr—
Gosnduaer wrstion






media/file22.png
m River Leakage
m Well

m Recharge

m ET

538

158

3281 MCM

4382






media/file19.jpg
200
190
180
170
160
150
140
130
120

y = 0.9807x +2.1005
R?=0.9093
120 130 140 150 160 170 180 190

Observed head (m)

200





media/file7.jpg





media/file28.png
m River Leakage
m Well
m Recharge

m ET






media/file10.png
Pumping (MCM/year)

5000
4800
4600
4400
4200
4000
3800

—e—UF

—o—CWD

2010 2011

2012 2013 2014 2015 2016 2017 2018 2019

Time (year)






media/file14.png
31°N

30°N

31°N

30°N

31°N

30°N

72°E

73°E

120

Kilometers

0
Kilometers

Sugarcane
mm

. 1469.81
1092.74

0
Kilometers

0
Kilometers

Rice
mim
e 1118.16

— 831.97

0
Kilometers

31°N

30°N

72° E

73° E

31°N

30°N

31°N

30°N





media/file11.jpg





media/file6.png
Recharge

River

Well

Evapotranspiration

Model discretization and setup

Model Layering and aquifer
lithology

Rainfall and field application losses

River/canal stage and channel
properties

GW pumping estimation using UF
and CWD approach

Penman Monteith approach





media/file15.jpg
Jan

Feb

Mar
Month

ot

Nov

Dec





nav.xhtml


  water-16-00034


  
    		
      water-16-00034
    


  




  





media/file16.png
ET (mm)

165 +

115 ~

65 -

Rabi season

15

Kharif season

Apr  May

Jun Jul

Month

Aug

Sep





media/file2.png
Balochistan

Main canal

— Distibutaries

= |ink canal

|:| LBDC Command Area
- River Ravi
Elevation

m

l )
115

I Kilometers
O 20 40 80 120 160






media/file20.png
Simulated Head (m)

200
190
180
170
160
150
140
130
120

y =0.9807x +2.1005 o .
R2 = 0.9093 o .
o Q"
O %)
0 00.23°0 o
.0
&
o) ,..-o'dg
o B
....... o
.0
120 130 140 150 160 170 180 190 200

Observed head (m)





media/file23.jpg
u River Leakage 437 1610

u Well

3243 MCM
u Recharge

s ET 4650






media/file5.jpg
oF

echarge

River

Well

Evapotranspiration

Model discretization and setup

Wiodel Layering and aquiter
lithology

Rainfall and Reld application Tosses

River/canal stage and channel
properties

"GW pumpIng esGmation Using UF.
and CWD approach

‘Penman Monteith approach






media/file24.png
m River Leakage 437 1610

s Well

MCM
® Recharge

n ET






media/file29.jpg
ow1 0 ow2
g” poatiwiod - S——
H B
] H
im H
£ S
2 H
e e T 16
N T T L, 30 930 1830 2730 3630 4530 5430 6330 7230
e ows owa
fr— poarswet
e
] = Calculated -
" £
£ 2
13 £
1 s

30 930 183 730 3630 4520 40 6330 720 30 530 1830 230 363 4530 5430 6330 710
Time. Time.





media/file1.jpg
—— Oututaes
— tkeana

[ 506 command s
B Rvecran
Elovation

m

- —— — lometers

0 20 4 80 120 160





media/file25.jpg
ow1 ow2
e [o——— @ —emOtsares
I B
£ S
3
i o
30 930 1830 2730 3630 4530 5430 6330 7230 1 o0 e 270 0 60 sw0 G0 70
e e
ows owa
- s - e
i H
E £

0 9% 19 30 360 50 500 60 780

s
30 9% 10 70 0 G0 0 w0 0





media/file12.png
Rainfall (mm)

Tmax. (°C)

Tmin. (°C)

250

P
o
[

[y
Ln
o

it
=
=

2
n

25

20

L i

gogd e

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

HE
R

2

7

Oct Nov Dec

&

T T T T
Jan Feb Mar AprMay Jun Jul Aug Sep

=

|5 ¢ L

T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

31°N

30°N

31°N

30° N

N

o L
o]
ap ]

31°N

72’ E 73°E 74° E
=
A Metreological Stations ] :-73
| LBDC Command
Multan Annual average rainfall
A
490
=
357 1%
1 1
=
™
A Metreological Stations
LEDC Command
Multan
A
=
T
1 P oo
=
_ _ ™
A Metreological Stations
LEDC Command
°C
Multan 19.5
‘ —
17.4 -
0 15 30 60 90 120 1<
i -:-:—:— Kilometers o
f2°E 73°E 74°E





media/file9.jpg
Pumping (MCM/year)

5000
4800
4600
4400
4200
4000
3800

—e—UF

—e—CWD

2010 2011

2012 2013 2014 2015

Time (year)

2016 2017 2018 2019






media/file0.png





media/file8.png
72°E 73°E 74° E 72°E 73°E 74° E

31°N

30° N

30°N

z L
C“'_} -
BR-24  BR-24
@® Bore Holes ® Bore Holes
LBDC Command | _ LBDC Command
K Sy
m/d 0.17
71.5 | Bl .
. % 0.1 7
1.1 0 15 30 60 90 120
0 15 30 60 90 120 e e s Kilometers
e E—— s Kilometers .
72°E 73°E 74°E 72° E 73°E 74°E
72°E 73°E 74°E
z
sk z
© >
(2]
BR-24
® Bore Holes
| LBDC Command
Ss
= m'1 >
5 s 0000340 15
“ 0.000071
0 15 30 60 90 120
e e s Kilometers .

72°E 73°E 74° E





media/file17.jpg
Year 2010

Year 2016

o (wisty
——
it

- Moniorng Wets
GwL (AMSL)
——

Year 2013

Year 2