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Abstract

:

The challenge of a depleting Mississippi River Valley Alluvial Aquifer (MRVAA) requires reducing groundwater withdrawal for irrigation, increasing aquifer recharge, and protecting water quality for sustainable water use. To meet the challenge, the National Center for Alluvial Aquifer Research (NCAAR) is oriented towards producing scientific work aimed at improving irrigation methods and scheduling, employing alternative water sources, and improving crop management and field practices to increase water use efficiency across the region. Big data is key for NCAAR success. Its scientists use big data for research in the form of various soil, weather, geospatial, and water monitoring and management devices to collect agronomic or hydrogeologic data. They also produce, process, and analyze big data which are converted to scientific publications and farm management recommendations via technology transfer. Similarly, decision tools that would help producers leverage the wealth of data they generate from their operations will also be developed and made available to them. This article outlines some of the many ways big data is intertwined with NCAAR’s mission.






Keywords:


alluvial aquifer; technology transfer; irrigation; agricultural water use












1. Introduction


In relation to agriculture, big data is understood as the combination of technology and advanced analytics to process information in a way that is more useful and timely than traditional methods [1]. This definition applies equally to agricultural enterprise decisions (agronomical, financial or otherwise) as well as to agricultural research. The trend to leverage big data in agriculture is evidenced by the increasingly intense incorporation of data generating, storing, processing and analysis into the business models of industries that have traditionally served the agricultural sector with conventional agricultural equipment and inputs. In the context of the depleting Mississippi River Valley Alluvial Aquifer (MRVAA), big data has an important role in ensuring that irrigation decisions are made such that the allocation of the groundwater stocks are the most beneficial and valuable across uses and over time. The National Center for Alluvial Aquifer Research (NCAAR) is uniquely positioned to exploit big data in agricultural research that, through technology transfer, can be translated into decision tools for farmers and to further expand the range of technologies and information that are applicable at the farm level. The ultimate goal is to exploit big data to successfully characterize the dynamics of biophysical and agricultural processes that can ensure the long-term sustainability of groundwater resources and farm-level economies.



The Lower Mississippi River Basin (LMRB) (Figure 1) receives an annual average rainfall of about 1143 mm (45 inches) in the north to about 1524 mm (60 inches) in the south region [2]. However, only about   18 %   of the precipitation typically occurs when crops require large quantities of water to grow. Furthermore, the precipitation patterns in summer frequently include heavy rainfall events that cause runoff from cropland, with only a small amount of rainfall percolating into the soil profile and becoming available for plant use. Flash droughts can be detrimental to crop production in this area due to shallow root zones caused by tillage pans and soils’ low water holding capacity [3]. Because of this variability in rainfall distribution within a year, farmers in the LMRB rely heavily on irrigation to meet crop water needs and obtain optimal crop yields while reducing the risk of flash droughts during the summer season [3]. The primary source of water for irrigation in this region is groundwater pumped from the MRVAA. In terms of irrigation withdrawals, the MRVAA is the second most-utilized aquifer in the US. The MRVAA is the most utilized aquifer in the U.S. in terms of international virtual water transfer [4]. The MRVAA is a sand and gravel aquifer overlain in most parts by a confining clay layer [5,6]. Recharge to the aquifer from surface water and precipitation is limited because of this confining layer, leading to recharge occurring mainly where the layer is not present or where large rivers have incised the confining layer [5,7]. The use of groundwater exceeding the rate of recharge has led to reduced levels of the MRVAA [8,9]. Ongoing depletion and stagnant recharging of the aquifer jeopardize the aquifer’s long-term availability and place irrigated agriculture in the aquifer’s region on an unsustainable path.



Agriculture is a large consumer of water resources and has been targeted as a significant contributor to water quality degradation across various regions of the United States [10]. Intensive agricultural practices and erodible soils have led to high concentrations of sediment and nutrients in regional water bodies and eutrophication across the Delta. The region also contributes nutrient loads to the Gulf of Mexico, where a hypoxic zone has created an environmental and economic problem of national importance [11]. It is necessary to seek improved irrigation methods and scheduling, alternative water use, crop management, and field practices to increase water use efficiency, reduce groundwater withdrawal for irrigation, increase the aquifer recharge, and protect water quality for sustainable water use of the MRVAA. All of these goals will require the use of new technology and big data resources.



To address the increasing concern over the MRVAA, USDA was directed by the United States Congress to form a joint research unit between United States Department of Agriculture’s (USDA) Agriculture Research Service (ARS) and Mississippi State University’s (MSU) Mississippi Agricultural and Forestry Experiment Station. From this legislation, NCAAR was formed in 2017. Based in Stoneville, MS, NCAAR is dedicated to conduct research and provide information for issues surrounding water use for agriculture and natural resources in the LMRB. Collaborations include researchers from MSU, several USDA-ARS research units, the University of Mississippi, the University of Arkansas, Arkansas State University, Kansas State University, Louisiana State University, University of Texas, and Alcorn State University.



NCAAR aims to develop novel irrigation and water management technologies to improve water productivity, decrease irrigation water withdrawal, and increase the groundwater recharge to the MRVAA to maintain sustainable agricultural water supplies in the LMRB. To achieve this goal, the following objectives are being undertaken: (1) developing robust datasets, models, and data visualization tools to determine the impact of alternate water supplies on aquifer recharge, groundwater levels, and water quality in the LMRB, including effectiveness of current best management practices (BMPs), (2) developing optimized irrigation scheduling tools and new and novel sensor systems for cropping systems in the LMRB that account for crop water requirements, impacts of water stress, and economic and environmental sustainability while minimizing groundwater withdrawal from the aquifer, (3) integrating the new information into with decision support models and tools for prescription irrigation and water resource management, (4) engaging LMRB stakeholders through MSU Research and Extension partners to characterize producer behavior and attitudes with respect to irrigation and water conservation management, and introducing them to cutting edge digital tools, technologies, and best management practices for their particular situations (Figure 2).




2. The Value and Demand for Water in Agricultural Uses


While the value of most commodities at any given time can be inferred from it’s market price; water for agricultural uses is a non-traded commodity in the LMRB. Consequently, the value of water in agriculture is usually determined by the monetary value of the goods and services it provides [12]. Producers benefit directly from plentiful and inexpensive access to groundwater, which they convert into increased crop productivity, which contribute to keeping food abundant and relatively inexpensive for society at large. In other words, the value of the goods and services produced with groundwater from the MRVAA is only a fraction of the producer and consumer welfare derived from it. Nonetheless, it is useful to track and account for these derived welfares across space and among users to assess the most economically efficient allocation over time aimed at understanding and projecting overall water use together with the implications of pumping decisions on MRVAA.



The most relevant decisions are related to land use such as cropping decisions and irrigation management such as the preferred irrigation strategies and application technologies employed. A gap in knowledge exists in the LMRB with respect to the baseline status of land uses, irrigation technologies and the associated water use. In Mississippi, the Mississippi Department of Environmental Quality (MDEQ) Office of Land and Water Resources (OLWR) regulates water quantity issues affecting the beneficial use of these resources in the best interest and welfare of the citizens of the state (https://www.mdeq.ms.gov, accessed on 1 September 2022) including a voluntary groundwater use reporting system which currently has a goal of obtaining flowmeter reading reports on approximately 10 percent of all permitted wells every year.



The reported water use must then be linked to land use, irrigation practices and technologies employed, the weather, and growing conditions that may have influenced a given report. The nature of the data relating water and land use is rather complicated. The nature of water management for irrigation and the evolution of crop field management subsequent to the permitting process produce a mismatch between permitted land and reported water use. The challenge of matching individual irrigation water use reports to the actual recipient fields and crops is difficult. A given field permitted to be irrigated by a given well may also be permitted to be irrigated by other wells. Only some wells report water use which means that imputation or aggregation algorithms are necessary to accomplish the task of assessing agricultural water use in the region. Over time, some wells may stop supplying water to fields originally covered by that well’s permit. Consequently, geospatial and econometric analyses based solely on reported water use assuming direct allocation to the permitted field may yield biased estimates of actual groundwater use and the effectiveness of various irrigation practices in conserving groundwater given other field and season characteristics. This highlights the opportunity to employ remote sensing, artificial intelligence and big data to alleviate the large measurement errors that can be expected given the current data generating processes.



The economic losses that arise from aquifer depletion are not immediately evident to producers [13,14]. This is particularly true in areas of the LMRB where groundwater is relatively abundant and the economic cost of temporal misallocation of groundwater is only evidenced by simulating and comparing alternative scenarios. Temporal misallocation occurs when relatively less valuable use in the present reduces the ability to irrigate in the future when production is more needed such as due to severe or frequent droughts caused by climate change, for example [13,15,16]. The problem of preserving the MRVAA is essentially one of economic dynamics at its core and it involves determining the most beneficial groundwater extraction paths over time. As conditions for crop growing vary from season to season, so should the economically optimal groundwater extraction levels. In this context, a special challenge is to develop measures that enhance the resilience of irrigated agriculture in the face of water shortages or unreliability, particularly to reduce the associated economic losses [17].



2.1. Water Value


As a non-traded commodity, the use value of water needs to be assessed by synthetic means including model simulations for different uses and over time. However, the use value is not the only important factor in water management. For instance, its use in crop production may be part of greater overarching interests. As valuable as water is in increasing agricultural production and to the farmers and their community, there is a societal interest in maintaining low food costs. Hence, the value of agricultural water is important in terms of the agricultural rents, but reallocating it to a higher value use may not be advisable because of food cost ripple effects. Consequently, estimates of the use value of groundwater do inform policy makers in managing and allocating this resource, as well as with respect to investments in water capture and recycling infrastructure that can increase the use and stock value of groundwater while supporting low-cost food. Recent estimates indicate that the availability of underlying groundwater has a significant influence on the value of agricultural land, up to   $ 19.56   per megaliter (  $ 15.86   per acre-ft) [18]. The efficient temporal conjunctive management of groundwater and on-farm water storage can capitalize land in excess of   $ 9.40   per ha (  $ 24   per acre) in Sunflower County, MS [13].




2.2. Irrigation Water Demand


The demand for groundwater affects the use value of the MRVAA as well as its rate of depletion. A good field-level characterization of the demand for groundwater is needed to adequately estimate the effects of policies and innovative agricultural practices on groundwater use and aquifer depletion. Most existing studies on conservation practices present the water savings achieved in experimental settings and project the basin-wide potential water savings achievable from adoption of the practice under study. However, farmer adoption has been slow [19,20] and the only MRVAA region estimate of producer demand for groundwater indicates that new practices and higher prices or taxes have little bearing on overall groundwater use [21]. Field-level characterizations are needed because water conditions depend critically on supply and demand considerations. Both show great spatial variation that results in water problems that are localized in nature [12,22].



Within the Mississippi Delta, row crop production methods are relatively uniform. All counties in the region use the alluvial aquifer as an irrigation water source under the Yazoo Mississippi Delta Joint Water Management District (YMD), but regional differences exist. For example, eastern Sunflower County faces a water supply problem with an acutely depressed aquifer underneath it which calls for water capture or a recycling solution such as a tailwater recovery system, while western Bolivar County faces excess demand, despite the less depressed aquifer underneath which may call for improved irrigation efficiency solution. Southern Delta counties face the greatest threats due to flooding, and drainage solutions may be the most needed. For these reasons, the estimates must also be periodically updated to reflect changing conditions. Consequently, preliminary reports and articles derived from this line of research are expected to be consumed by regulatory and conservation agencies as well as producers and the broader scientific community. The estimates and projections should be an important input, for example, for the engineers in Managed Aquifer Recharge (MAR) projects. Good estimates of demands for groundwater will lead to more precise projections of groundwater use, better MAR designs, more efficient conservation practices, and more effective water conservation policies.





3. Irrigation Methods and Scheduling


Irrigation increased significantly in the LMRB in the last two decades. Total irrigated acreage was 3.4 million ha (8.4 million acres) in Arkansas, Louisiana, Mississippi, and Missouri in 2018, which increased   20.7 %   compared to 2003. There are several irrigation applications and many factors go into to making irrigation decisions.



3.1. Furrow Irrigation


Furrow irrigation is the most common irrigation application method in the LMRB. This conventional delivery system for irrigation has an irrigation application efficiency of only up to   55 %   [23]. The trends in depletion of the MRVAA can be reversed by implementing irrigation methods and technologies with better water application efficiencies [24]. Multiple technologies that are already available to the farmers in this region include computer-hole-selection (PHAUCET: Pipe Hole and Universal Crown Elevation Tool or Pipe Planner), surge valves for increasing furrow irrigation application efficiency, tailwater recovery systems and/or drainage recycling for reuse of runoff, sprinkler irrigation systems for increasing irrigation application efficiency, and soil moisture sensors for increasing irrigation water-use efficiency by improving the decision-making abilities of producers when determining when to irrigate [25,26]. Irrigation application efficiency can be increased using sprinkler irrigation systems such as center pivot or linear lateral irrigation systems compared to furrow irrigation methods [27,28]. It is necessary to evaluate different irrigation methods with water conservation practices that can be best suited for diverse soil types in the LMRB, increase water use efficiency, and minimize aquifer withdrawal.




3.2. Sensor-Based Irrigation Scheduling


Soil water sensors, such as time-domain reflectometry devices and capacitive and resistive sensors have been developed and are widely adopted for soil moisture measurement in irrigation scheduling [29,30,31,32]. Previous research indicated that these sensors were inexpensive, easy to install and maintain, and provided useful information for irrigation scheduling. Multiple soil moisture sensors are usually installed at various soil depths across the root zone to measure the soil water content at each soil depth where each sensor reports one measurement at its respective depth. Interpreting the sensor measurements at each depth across the root zone has become an issue in application for irrigation scheduling. Crop root distribution across the root zone and the crop’s sensitivity to water stress varies with crop growth stages. Therefore, the algorithms/models for sensor-based irrigation scheduling should include the sensor-measured soil moisture at various depths, as well as other input parameters including crop root distributions and crop growth stages for improved performance and to give greater information on the actual moisture environment the crop is experiencing [33]. This requires a large amount of data input and processing in real time.




3.3. Variable Rate Irrigation


Although furrow irrigation is still the primary irrigation method used in this region, more growers recognize that the MRVAA is on an unsustainable path and center-pivot irrigation is less labor-intensive and more efficient than furrow irrigation. Variable rate irrigation (VRI) technologies are capable of delivering desired amounts of water to specific locations in the irrigated area, which allows farmers to address the temporal and spatial variability of the soil and plants within a field [34,35]. Much research has been done on the use of sensors and global positioning systems to collect information on soil and plant conditions for VRI, which includes using electrical conductivity sensors to map soil apparent electrical conductivity [36,37], soil moisture sensors to measure soil water content or soil water potential [31,38], thermal irradiation sensors to detect plant canopy temperature [35,39], spectral reflectance and ultrasonic sensors to predict plant health characteristics [40,41], and mass-flow sensors to map crop yields [42]. Soil physical properties in the LMRB can vary significantly within a single field [43,44]. The variability in soil properties results in different water storage capabilities and different amounts of water available to the crop, contributing to spatial variability of crop growth and creating challenges in crop water management. Soil electrical conductivity is related to soil properties and crop yield potential [37,45], and can be used to delineate site-specific management zones for VRI [46].



In the early stages of VRI innovation, most VRI studies focused on the development of hardware and software systems to deliver a certain amount of water to each management zone [34,47]. In recent years, more studies have been done on developing VRI algorithms and management zones to optimize water use efficiency and farming profits [46,48]. Although sprinkler irrigation systems equipped with VRI controllers are commercially available, effective methods to create VRI prescriptions using information from various sensors and acquiring evidence to prove the advantages of VRI have become a bottleneck in the development and adoption of VRI technologies.




3.4. Surface Irrigation Automation


About four-fifths of irrigated cropland in the LMRB receive surface irrigation [49]. Innovations and testing of automation for surface irrigation have been occurring for decades. Haise and Whitney [50] developed hydraulic ditch gates that responded to in-field soil moisture sensors more than a half-century ago. Haise and Kruse [51] designed pneumatic valves that cut off irrigation based on a timer and hydraulic ditch gates that cut off irrigation based on a rising float near the bottom end of an alfalfa field. Fischbach et al. [52] integrated tailwater recovery into their automated system. Since the pioneering work in the 1960s, many variations have been proposed to automate the conclusion of a surface irrigation application either at a pre-programmed time or upon direct sensor feedback, including from ground [53] and aerial imagery [54]. Most notably, a commercial version that implements user-selected irrigation durations has been operated by Australian farmers to achieve application efficiencies above   90 %   [55]. More complex approaches to surface irrigation automation often involve real-time optimization. Infiltration dynamics are characterized on the go by assimilating simple measurements (e.g., advance, runoff) into volume balance calculations [56,57]. Interest in real-time optimization was initially sparked by the desire to add cutback functionality [58,59], allowing for the reduction of flow after the initial wetting of the soil. Other researchers incorporated real-time optimization into non-cutback automation with the goal of satisfying hydrological criteria rather than following arbitrary on-off rules [60,61]. Overall, the success of surface irrigation automation suggests that this technology would be a valuable and practical part of the water conservation “toolbox” in the LMRB. As industry lowers the cost hurdle of automation [62], the on-farm adoption rate of automation is expected to increase [63].




3.5. Deficit Irrigation


In a limited irrigation strategy (deficit irrigation), differential responses of crops to water stress at different growth stage are exploited for reducing irrigation water use while maintaining economic yield returns [64,65]. With fixed water allocation scenarios, water application is often reduced during non-critical stages for water stress, and the saved water is applied during the critical stages for maximizing yield returns [66,67]. Accurate knowledge of the critical growth stages and the critical maximum water stress level the crop can be subjected to are essential for scheduling irrigation to save water. Comprehensive studies in controlled environments for developing growth stage-specific irrigation decision support information in humid climates are lacking. The information used for advising farmers in the LMRB was primarily derived from studies reported in semiarid areas. Studies by Adeboye et al. [68] and Candogan and Yazgan [69] caution against adopting crop management practices developed in semiarid regions for practice in the humid regions without experiments, testing, and validation. Additionally, information on how and to what extent water application levels needed for supporting optimum growth can change as the crops encounter higher carbon dioxide concentrations and temperatures associated with climate variability and/or climate change. Critical growth stage and critical maximum water stress levels for limited irrigation management in the humid climate of the LMRB need to be identified.





4. Remote Field Sensing


Using remote sensing to collect data while monitoring groundwater and surface water dynamics is becoming easier and more common due to decreased costs and improving technologies. Measuring parameters remotely using sensors and gauges allows for a large amount of data to be collected with fewer resources like manpower and money. NCAAR uses remote sensing techniques in the majority of their projects, often in combination with manual sample collection.



4.1. Electronic Sensing and Monitoring Technologies for Irrigation


Integrating data on crop water status has the potential to assist in irrigation decision making. Ground-based sensor and remote sensing systems, along with cloud-based data acquisition can be integrated to develop and evaluate decision support systems for agricultural and water management. The sensing systems will provide information for real-time water-resource monitoring [70,71], irrigation scheduling [72], remote crop monitoring [73,74], and disease and pest detection [75,76]. In addition to real-time monitoring and information access, the high-temporal-resolution data will also be available for use in developing, validating, and running water-balance, evapotranspiration, crop-growth, irrigation-scheduling models, and for input to other decision support systems.



Sensing options are available to measure features such as soil-moisture status, ground- and surface-water levels, crop characteristics, weather, and environmental conditions, as well as for thermal mapping and imaging, multispectral reflectance, and visual imaging [77,78]. Data can be transmitted from remote locations via multiple wireless and cellular communications networks. Internet/cloud-based data acquisition and hosting services allow user access from home/office computers to smartphones in the field [79,80]. In addition, open-source hardware and software have been incorporated in a range of sensing and monitoring applications. Agricultural researchers and NCAAR have deployed open-source systems using wireless and cellular communications to aid in agriculture [81,82], irrigation and water management [83,84], soil moisture monitoring [85], and water use [86] studies.



In 2020, the NCAAR Soil Moisture Monitoring Showcase was launched to address the need of providing science-based information about the amount of soil water available to the crop, for example. In 2021, the showcase partnered with seven Mid-South vendors who provided 12 distinct soil moisture monitoring systems, all of which were installed in the same 0.8-ha (2-acre) field in Stoneville, MS and are presented on the NCAAR website. The findings will be incorporated into Mississippi State University Extension recommendations on sensor selection and interpretation to increase farmer success with scheduling irrigation using soil moisture sensors. Currently, NCAAR has more than fifty on-farm soil moisture sensors deployed, collecting soil moisture data and looking at irrigation decisions.




4.2. Electronic Sensing and Monitoring Technologies for Water Budgets


Since irrigation accounts for   98 %   of the MRVAA aquifer usage [87], water conservation practices such as tailwater recovery systems (TWRs) have been implemented in Arkansas and Mississippi to reduce the dependency on groundwater and with hopes to lessen groundwater level decline [6,88]. Tailwater recovery systems consist of drainage ditches and often an on-farm water storage reservoir (OFWS) that stores field runoff and off-season precipitation that can be recycled as surface water irrigation. They serve as a rain harvesting system, allowing producers to store water during wetter times for use in later drier times [89]. The majority of TWR research up until now has focused on water quality and possible environmental benefits, but the water budget of a TWR has not been fully quantified. An accurate water budget is needed for accurate hydrologic modeling.



To develop such a budget, a field experiment is being conducted at a TWR in Sunflower County, MS. There are one or two outflow pipes from each of the eight 16.2 ha (40 acre) fields contributing to the TWR and each are equipped with an automatic runoff sampler and an area velocity flow sensor to collect composite water samples and flow rates for runoff events. Variables measured include runoff quantity, solids, and nutrients and their various species. In addition, rain gauges are installed at the site and water level loggers are installed in the TWR ditch. All sensors, gauges, and loggers are accessed remotely and are recording data every five minutes for a minimum of five years, requiring a robust data management system.




4.3. Remote Image Sensing


In addition to field experiments, accurate and timely knowledge of the spatial extent of the water resources and the quantity of water storage is essential for efficient water management of flood and drought control and crop irrigation. Surface water storage is the amount of surface water stored in open water resources. It is an important input for regional water management in crop irrigation, hydrologic modeling, and preventing water-related hazards. Remote sensing images acquired from ground, aerial, and space platforms capture the spectral signature of ground objects and provide opportunities for surface water mapping of widespread water bodies. With easy access and spectral analysis in the temporal spatial mapping, the application of remote sensing data in water body mapping has developed broadly [90,91]. Optical remote sensing can delineate water/land boundaries, where the water surface elevations can be determined based on their overlap with boundaries [92]. Precise information on surface water storage in real time can assist in preventing water-related hazards [93]. However, studies on deriving the surface water volumetric variation and storage from remote sensing are not fully investigated.



Assessment and monitoring of the water bodies require observation techniques that can provide water storage status at different scales. Traditional monitoring is carried out using direct observations from water well networks that were recently complemented with new hydrogeophysical [94] and satellite-based observations [95,96]. These techniques survey either local or regional areas, but adequate observation tools are lacking at the sustainable water management scale.



New sensing systems are being developed by NCAAR in both stationary and mobile sensing modes. Field experiments are being conducted to monitor surface water storage in the MS Delta region. Water bodies were selected from the assessment of satellite images captured in the Delta region based on criteria of their size (e.g., >1 ha [2.5 acres]) and geographic layout (e.g., >10 km [6.2 miles]) apart between adjacent reservoirs. Field surveys are performed to evaluate the accessibility to the target reservoirs, spatial distribution, and feasibility of stationary sensing stations. Sensors to measure the surface water level are evaluated by using open-source hardware and software for a cost-effective solution applied on multiple locations and compared with manually measured water levels. Low-powered sensors such as a photoelectric water level sensor, a digital water level sensor, and a non-contact water level switch are being evaluated for accuracy and consistency. Micrometeorological sensors were added in each location to measure weather information such as precipitation/wind speed and direction, solar radiation, air temperature/humidity, water temperature, and pH. A solution for wireless data communication is being evaluated through Zigbee, wifi, and cellular modem for low-power consumption and signal reliability. Water level data along with weather data is continuously monitored with options of every 15 min, hourly, or daily and transmitted to a base station through a cloud server. Cumulative data are analyzed statistically for water level changes along with weather over time and used as an input to model seasonal dynamics of surface water storage.



Satellite remote sensing is also being evaluated to support automated monitoring of dynamics of surface water storage this is modeled off the work of Gao and colleagues [97,98]. The satellite-based water management and applications using LandSat and Sentinel-2 imagery are being evaluated for monitoring and forecasting of inundated extents over the LMRB. A satellite-based field experiment is being conducted in a sequence of (1) selection of target water reservoirs from the assessment of satellite images captured in the LMRB, (2) developing application programming interface to automate the access and download of satellite images, (3) developing an algorithm to filter invalid images, mask clouds, define the region of interest, delineate water bodies, and extract metrics (e.g., water surface size, storage, and seasonal variation).





5. Evapotransptiation Estimates, Climate Change, and Modeling


5.1. Eddy Covariance for Estimating Evapotranspiration


One common metric for crop water usage to estimate the actual water loss through evaporation from the plant and soil is evapotranspiration (ET). Historically, this was estimated using weight balance with lysimeters or correlations with evaporation pans placed in fields. Methods were often variable across geographic regions. New technology allows for large-scale estimation using eddy covariance (EC). Relative to other ET quantification methods, the eddy covariance method is cheaper and easier to build and install. Actual ET is estimated as the residual term of the energy balance equation from measurements of net solar irradiance, and computed sensible heat and ground heat fluxes [99]. Wang et al. [100] measured and compared ET from winter wheat using both large-scale field lysimeters and eddy-covariance systems and found good agreements in measured data between the two methods. Anapalli et al. [99] measured soybean ET using eddy covariance and a residual balance approach and reported good agreement between the methods in estimated water requirements. Using the EC instrumentation through NCAAR, Anapalli et al. [101] quantified cotton ET and crop coefficients in large-scale field experiments in the LMRB. However, the EC method was reported to have a non-closure issue when energy inputs into the system were compared against energy outputs [99,102]. These imbalances varied between 0 and   30 %   in different experiments, locations, and landscapes [103,104]. Attempts to force the closure of the energy imbalance by measuring all possible energy inputs and outputs have been reported to achieve reliable, accurate ET estimates in the EC system [105,106]. The procedure for correcting EC estimated ET necessitates measurements of relevant biometeorological data in the plant canopy. A better understanding of these processes can potentially lead to ET-based irrigation scheduling improvements and reducing aquifer withdrawals while increasing producer profits. NCAAR currently has EC towers in corn, soy, and cotton fields, collecting large amounts of data year-round.




5.2. Agricultural Simulation Models


The Root Zone Water Quality Model (RZWQM2) developed by USDA ARS is a process-oriented cropping system model which simulates the effects of soil-tillage, crop-residue, water, fertilizers, and crop management on crop growth, ET, and soil and water quality [107,108]. EC data collected from various cropping systems under various crop management conditions are needed to test further and improve the ET module in the RZWQM2 model. The high frequency EC tower measured ET flux data can be partitioned into its components, soil evaporation, and plant transpiration using flux variance similarity theory [109,110]. The partitioned E and T values provide a unique opportunity to compare the RZWQM2 simulated E and T for calibration, evaluation, and improvement of the algorithms used to simulate those processes.



Collected soil, water, crop, and weather data, combined with quantified ET and its partitions into E and T provide an unprecedented opportunity for evaluating and potentially improving the algorithms simulating those processes in the RZWQM2 and other cropping system models. In RZWQM2, one of the methods of computing crop potential ET is by computing a reference crop ET and modifying it using a crop-specific crop coefficient. The crop coefficients developed in the NCAAR studies are being used to modify this ET computation algorithm in the model.



In addition to the ET modeling, the data obtained from the TWR system and other NCAAR projects are used to inform and develop a model using both hydrologic/crop models such as the Agricultural Policy / Environmental eXtender (APEX) model, and a groundwater model such as the Modular Three-Dimensional Finite-Difference Groundwater Flow (MODFLOW) model. The hydrologic/crop model is parameterized and validated following the framework outlined by Moriasi et al. [111]. Input parameters such as management (tilling, planting, and harvest dates, irrigation information, etc.), weather data, and crop yield are directly measured, while some water budget component values, such as ET, are estimated from published literature or from direct measurements taken near the study area. Both manual and auto-calibration, validation, and sensitivity analysis methods are used, often requiring tens of thousands of model runs. After the model is calibrated, the global parameter values obtained during the calibration process, primarily those in the control and parameter files, are used to extend the model to the basin level to simulate outputs at a larger spatial scale employing land use maps within the MRVAA. These models focus on simulated water use, sediment loss, erosion, agrochemical transport, and crop yields. The results from the expanded hydrologic/crop model combined with the measured results will help inform the groundwater model allowing for a more reliable estimation of the effects of TWRs and other management BMPs on the aquifer and nutrient cycling. Currently NCAAR has built several models based on edge-of-field collection sites on set of producers’ land, for example. These models are being calibrated using the observed data from runoff autosamplers, velocity meters, soil moisture sensors, weather stations, and measured yield data and will be used to evaluate possible BMPs for those producers to put into practice.



Global Climate Models (GCMs) have been used for projecting/predicting the response of the global climate system to increasing greenhouse gases and other ocean-land-atmospheric boundary conditions in the future [56,112]. Many competing GCMs developed in various countries and agencies worldwide participate in the global efforts of providing projections of climate change [113]. Anapalli et al. [101,114] investigated the potential impacts of the Intergovernmental Panel on Climate Change Assessment Report 5 predicted climate change impacts on cotton and corn production and irrigation water use in the Mississippi Delta and recommended adaptation measurements for sustainable production. These various GCM scenarios are also being incorporated into both the ET and agricultural hydrologic models in order to help anticipate future challenges caused by climate changes.





6. Role of Social Science and Big Data in Technology Transfer


Some of the most promising, fully developed agricultural technologies are often slow to be adopted or not adopted for various reasons [19,115,116]. Because the amount of available information and the different methods of information dissemination are ever increasing, outreach efforts compete for farmers’ attention with innumerable other interests and preoccupations. Since farmers differ in their outreach method preferences, a targeted approach that matches the right knowledge product with the right farmer is needed [117,118,119].



To understand why a producer adopts a practice or not, we need to frame their decision in terms of the expected profitability of a given practice, the expected upfront investment associated with adopting the practice, the farmer’s socioeconomic characteristics, environmental characteristics (e.g., hydrological), and localized institutional and policy aspects. Econometric analysis has been shown to yield important insights in this regard. For instance, Caswell and Zilberman [120] estimated the likelihood of use of drip, sprinkler, and surface irrigation by fruit growers in the Central Valley of California. Schuck et al. [121] examined how drought conditions affect the choice of irrigation system by irrigators. Nian et al. [122] highlighted non-monetary factors that are associated with the adoption of certain agricultural practices. The findings from this type of analysis will inform and guide the design of incentives and extension efforts towards more effective and efficient conservation technology transfer.



A combination of interviews, focus groups, and surveys can be used to better frame the issues and identify information needs and questions, key narratives, and perceptions about water quality and quantity problems in the region. The collected data can inform an econometric choice model that will yield statistical evidence to identify the factors most strongly associated with the willingness or unwillingness to adopt specific conservation practices among water use permit holders, landowners, and operators who withdraw water for agricultural irrigation in the MRVAA.



Analysis of data collected in 2016 reveals that approximately two-thirds of Delta farmers do not believe there is a groundwater problem at their farm or state level and are hesitant to adopt promising agricultural practices [19]. Factors such as farmer age, size of farm, and awareness of environmental issues can influence decisions to adopt conservation practices. Periodic quantitative studies are required to measure changes in the perceptions and attitudes and to identify which information sources producers trust the most in relation to agricultural practices and the state of the MRVAA. The identification of farmer characteristics associated with higher likelihood of choosing a given practice will be used to better target outreach efforts to the growers more likely to receive information and training more positively. Similarly, alternative channels of communication and messaging will be identified to reach producers skeptical with regards to the state of the aquifer or with negative attitudes towards best management practices.



A conceptual model that employs an expected utility maximization framework that captures the subjective benefits a person draws from making a decision that involves trade-offs between profit-seeking and non-monetary motivations (i.e., the decision maker’s beliefs and preferences) will be part of the statistical analysis. This approach accounts for the expected profitability of a given practice, the expected upfront investment associated with adopting the practice, farmer socioeconomic characteristics, environmental characteristics (e.g., hydrological), and localized institutional and policy characteristics. Regression analysis will then be employed to estimate how much influence each of the identified factors has on the adoption of the conservation practice. The findings from this analysis will inform and guide our research and promotions efforts in relation to developing best management practices for the region.



For example, to empower producers to integrate soil moisture sensors fully into their farming operations, NCAAR researchers launched a multi-year on-farm education program. With support from commodity promotion boards, researchers provided telemetry-enabled soil moisture monitoring systems and technical support to interested Mississippi State University Extension county agents. These agents recruited more than 20 soybean, corn, cotton, and rice producers from their respective counties in 2021 and provided participants with hands-on training and assistance in troubleshooting and data interpretation until the participants become active and capable independent users of soil moisture sensors. Such programs help Mississippi producers gain the skills and confidence necessary to adopt soil moisture sensors on their own, allowing them to optimize their irrigation practices.




7. Conclusions


Addressing the challenge of the depleting MRVAA requires multiple steps including reducing groundwater withdrawal for irrigation, increasing aquifer recharge, and protecting water quality for future sustainable water use. NCAAR is oriented towards producing scientific work aimed at improving irrigation methods and scheduling, employing alternative water sources, and improving crop management and field practices to increase water use efficiency across the region in order to address this challenge.



Big data is important for NCAAR success. Scientists at the center use big data for research in the form of various soil, weather and water monitoring and management devices to collect agronomic or hydrogeologic data. They also produce, process, and analyze big data which are converted to scientific publications, decision support tools, and farm management recommendations, allowing producers to leverage the wealth of data they generate from their operations. There is no one set of “best practices” because we are dealing with such a large area. Part of the goals coming out of this center is taking these different data sets and build decision support tools to help determine the best practice(s) for the producer’s specific situation.



As technology advances, large volumes of data are generated across different methods and platforms. NCAAR is uniquely situated with a multi-disciplinary team of scientists with expertise in hydrology, irrigation engineering, geo-spatial science, and economics allowing data being collected in large amounts to be analyzed in various ways. NCAAR researchers acquire and produce large volumes of data across different platforms. The data from one area of expertise can be combined with another area to produce enriched new data products that can be used to inform decisions. By working together, NCAAR can ensure the data has consistent structure and is compatible across platforms to facilitate integration. There is high potential for big data in the agricultural sector, particularly in a multi-disciplinary setting like aquifer research where it can act as a hub to cross disciplines.
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Figure 1. Sources: (a) from https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/water-quality-and-ecology-research/docs/lmrb-ltar/ (accessed on 30 September 2022), (b) U.S. Geological Survey. (a) USDA Agricultural Research Service sites in the Lower Mississippi River Basin (LRMB). (b) Location and extension of the Mississippi River Valley Alluvial Aquifer (MRVAA). 
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Figure 2. Flow chart depicting the how the agronomic or hydrogeologic data from soil, weather, geospatial, and water monitoring and management devices that are produced, processed, and analyzed by NCAAR researchers are converted to scientific publications and farm management recommendations via technology transfer. This also leads to decision support tools that allow producers leverage the wealth of data they generate from their operations. 
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