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Abstract

:

Groundwater supplies approximately half of the total global domestic water demand. It also complements the seasonal and annual variabilities of surface water. Monitoring of groundwater fluctuations is mandatory to envisage the composition of terrestrial water storage. This research provides an overview of traditional techniques and detailed discussion on the modern tools and methods to monitor groundwater fluctuations along with advanced applications. The groundwater monitoring can broadly be classified into three groups. The first one is characterized by the point measurement to measure the groundwater levels using classical instruments and electronic and physical investigation techniques. The second category involves the extensive use of satellite data to ensure robust and cost-effective real-time monitoring to assess the groundwater storage variations. Many satellite data are in use to find groundwater indirectly. However, GRACE satellite data supported with other satellite products, computational tools, GIS techniques, and hydro-climate models have proven the most effective for groundwater resources management. The third category is groundwater numerical modeling, which is a very useful tool to evaluate and project groundwater resources in future. Groundwater numerical modeling also depends upon the point-based groundwater monitoring, so more research to improve point-based detection methods using latest technologies is required, as these still play the baseline role. GRACE and numerical groundwater modeling are suggested to be used conjunctively to assess the groundwater resources more efficiently.






Keywords:


groundwater level fluctuations; groundwater monitoring; point based monitoring; geophysics; numerical modeling; satellite-based monitoring; GRACE












1. Introduction


Globally, groundwater is the biggest freshwater reserve, possessing 30% of total freshwater [1]. It is a very important resource for irrigation point of view for agriculture and subsequently for worldwide food security [2,3,4,5]. Approximately, half of the total worldwide water requirements are fulfilled domestically by this groundwater resource [6], while it is a foremost supplier for the needs of industrial water [7,8]. Moreover, groundwater buffers the variations in precipitations and effectively sustains river flows in times of droughts [4,9,10,11]. Being the major freshwater source, the significance of groundwater zones has been increased due to population increase and scarcity of water. Some areas are becoming excessively reliant on it and consume groundwater very fast as compared to their natural replenishment, causing water tables to drop continuously [12,13,14]. In addition, the groundwater water table has to be stabilized for the sustainability of food production [15].



Some groundwater-fed lakes, especially in desert areas, are found shrinking, which might have severe ecological and environmental impacts [16]. Similarly, salt water is intruding inland in many coastal areas, land is subsiding under cities, and many perennial rivers and streams are becoming seasonal or disappearing altogether owing to the falling of groundwater tables [15]. Proper actions need to be taken early to ensure the utilization of sustainable groundwater resources; otherwise, a large number of inhabitants of an area may face a decline of agricultural productivity and deficiencies of drinking water, which lead to widespread socio-economic stresses [17].



Dynamic changes in groundwater storage are among the main subjects of sustainable management of groundwater assets [18]. Due to the critical role of groundwater in numerous fields of life, the spatial and temporal deviations of groundwater require critical monitoring. An enhanced understanding of the movement, source, and oldness of groundwater is required for introducing novel scientific, technical, social, and legal questions along with increasing number of conflicts and issues regarding water utilization [18,19,20]. Groundwater monitoring is nowadays mandatory in several parts of the world (i.e., Water Framework Directive in EU and following regulations at member-state level) [21]. Voss et al. [22] emphasized the need of groundwater monitoring along with the international water-use treaties and water laws to better respond to water uses in transboundary river basins and aquifers. The approach that this paper adopts covers extensive literature review and the subject expertise of authors. The literature review contains the basics, and a conventional approach is supported with all latest approaches. Extensive research has been carried out for this research paper, but as mentioned, this is not a systematic review paper; therefore, the findings are the focus instead of emphasis being given to the selection of papers.



This manuscript aims to cover the methods and tools used to monitor the groundwater-level fluctuations and provides a comprehensive overview of these methods for the estimation of groundwater levels and storage variations. Groundwater monitoring has experienced technological reforms over the time. Many methods and tools have been evolved under the following three distinct phases:




	➢

	
Point-based measurement (for groundwater levels measurement);




	➢

	
Satellite-based monitoring (for groundwater storage measurement);




	➢

	
Regional groundwater estimation through numerical modeling (for groundwater levels measurement).










2. Point-Based Groundwater Monitoring


The initial type of groundwater investigation started with level measurements with different types of instruments. These methods and instruments include steel tape, electronic measuring tapes, pressure transducers, sounding devices, test drilling, geophysical investigation techniques, piezometers, digital water level recorders, exploratory well drilling, and isotopes, etc. Choosing the right equipment depends on features, for example, accurateness or ease of measurement, water quality problems, and the type and pumping activity of the well/nearby wells.



2.1. Wells and Piezometers


Agricultural and domestic wells can be used for measuring groundwater levels [23,24,25]. Normally, piezometers are utilized to gage the water level in wells to find out the hydraulic head. Normally, annual groundwater level changes are assessed with point-based groundwater-level observation wells [26].



Digital Water Level Recorders (DWLRs) are mounted in several piezometers that help in better understanding of the groundwater system and of the recharge in various hydrogeological conditions. Generally, water-level measurement data from boreholes or piezometers/monitoring wells are used for making the water table or potentiometric surface maps [27,28]. These are further used to find groundwater flow direction, groundwater-level recovery ensuing a pumping event, or to find out other aquifer properties. For water-quality monitoring, the piezometer is also a reliable source for groundwater sampling from the tapped aquifer [29].




2.2. Conventional Instruments


Steel tape can be considered the oldest yet the most accurate technique of measuring the water levels [30,31]. Steel tape works by gradually lowering the tape mounted with a weight into the well. Before lowering, chalk on the lower few feet of the tape identifies the part of the tape that was submerged. A feel is developed for the weight of the tape when it is lowered into the well. The reading is then recorded once it is confirmed that the tape’s lower end touches the water surface in the well. Then, the tape is rapidly brought to the ground surface before the wetted chalk mark dries and becomes difficult to read. The submerged portion of the tape is then measured and adjusted in the final reading of the tape [32]. This method is mostly accurate for the water levels found at less than 200 feet below the ground surface. At more than 500 feet of depth, thermal expansion and stretch in the steel tape begins [33].



Steel tape has been developed into electronic measuring tapes or tape sounders, which are made up of a pair of separated insulated wires. Well dippers and sounding devices with acoustic and light signs are practical and extensively used to check groundwater levels more accurately and quickly [34]. Sounding devices work by reeling the tape down the well with care, avoiding the casing’s sides. The probe holder is swiveled on the frame of the water level meter to let the tape move unrestricted down the well. When the system sounds, the reading of the depth to water is measured with care. The probe is raised and lowered in and out of the water to obtain a consistent outcome [32].



The use of pressure transducers and automatic data loggers speed up the measurement process and enable monitoring the fluctuations over time [35]. These are mounted in the piezometers, which help in observing temporal variations of hydraulic head [36]. These can provide long-term or continuous monitoring of groundwater levels. Gray and Mahapatra [37] anticipated that these can be used not only to determine the situation of the groundwater table but the hydraulic conductivity of a soil as well. The probes are most suitable in heavy soils since the water table position can be calculated without having true static circumstances.



The working of a pressure transducer starts by taking a reading from the pressure transducer before placing it into the well. There are two types of pressure transducers: vented and non-vented. For a vented pressure transducer, the reading is taken as zero, and for a non-vented pressure transducer, this is a positive number, which is equal to atmospheric pressure. In case of non-vented pressure transducer, its reading should be the same as that of a reading from the barometric pressure transducer. Then, the pressure transducer is lowered into the well gradually [32]. Field calibration of the pressure transducer is carried out by raising and lowering it over the estimated range of water-level variation. Two readings at each of five intervals are taken: one during the raising and the other at the time of lowering the pressure transducer. The static water level in the well is measured with steel tape or electric sounding tape and the readings compared; if the measurements are not consistent within 0.02 feet, then the reading are repeated. In the case of the non-vented pressure transducer, the barometric pressure from the transducer pressure is subtracted to acquire the water-level pressure. This water-level pressure is then multiplied by 2.3067 to convert from psi (pounds per square inch; pressure unit) of pressure to feet of water [38].



The use of the point-based conventional technique is widespread in Managed Aquifer Recharge techniques, from basic arrangements of pressure transducers to monitoring groundwater level changes to complex arrangements of sensors, including also physico-chemical ones [39]. This technique is in operation in Italy; however, it needs appropriate tools for its management.



Rosenberry et al. [40] identified that scale, accuracy, and sources of error are the main factors that determine the selection of an appropriate method for groundwater monitoring.




2.3. Geophysical Investigation Techniques


Geophysical investigation techniques include electrical resistivity survey, seismic, gravity, and magnetic methods. These methods are one step ahead of the above-mentioned techniques, as a borehole is not always required, and therefore, they can be used in variety of geological conditions. However, borehole data are used to validate the results and interpretations of geophysical surveys to enhance the precision of in situ data analysis [41].



Electrical resistivity surveys are used to find the subsurface resistivity distribution by making measurements on the ground surface. By combining geophysical data with lithological information, electrical conductivity (EC) logs through the wells, and hydro-chemical data, electrical resistivity with groundwater EC values can be interpreted to identify the freshwater-saturated zones [42].



The ground resistivity is dependent on many geological factors, for example, the mineral and fluid content, porosity, and amount of water saturation of the rock. The electrical resistivity survey is a preferable geophysical method for groundwater investigation. Many authors used this tool for groundwater investigation [43,44,45,46,47,48]. Electrical resistivity surveys are used to determine the vertical changes between the bottom of the earth’s the electrical resistance and potential field produced by the current. This method includes the electric current induced into the ground through two embedded electrodes and measures the potential difference between the two other electrodes denoted as the potential electrodes. The current electricity used is the direct current provided by the dry cell. Therefore, the analysis and explanation of geologic data is on the basis of resistivity value. The resistivity is calculated from the measured induced currents and the potential difference. It is assumed here that the soil is uniform, but in reality, the earth’s resistivity is determined by homogeneous lithology and geological configuration. Consequently, the graph between the resistivity and the current electrode distance is used to find the vertical changes in the resistance development. Explanation of this graph gives the depth of sand, which is used to confirm the existence of aquifers or groundwater in the area [49].



Seismic techniques have great potential for hydrogeological studies and depend upon the physical characteristics of the earth that produce electrical signals from the seismic waves [50]. Seismic waves follow the same laws of propagation as light rays and may be reflected or refracted at any interface where velocity change occurs. Seismic reflection methods provide information on geologic structure thousands of meters below the surface, whereas seismic refraction methods are useful for depths up to 100 m.



Seismic techniques depend on measurements of the time interval between the beginning of a seismic wave and its appearance at detectors. The seismic waves are produced by different means, such as by an explosion, a dropped weight, a mechanical vibrator, a bubble of high pressure air injected in water, etc. The seismic waves are sensed by a geophone on ground and by a hydrophone in water. An electromagnetic geophone produces a voltage when a seismic wave generates relative motion of a wire coil in the magnetic field, while a ceramic hydrophone generates a voltage when deformed by passage of a seismic wave. Data are usually recorded on magnetic tape for subsequent and processing and display [51].



Similarly, the gravity method is a broadly used geophysical technique for discovering mineral resources and groundwater based on the deviation in gravity, which varies with the density of soil. This method is quite helpful for sedimentary terrains. The magnetic method detects the earth’s magnetic fields, which can be measured/mapped. As magnetic contrasts are seldom associated with groundwater occurrence, this method can be used along with the gravity method to shortlist the possible underground options.



Gravity method of geophysics determines the difference in the earth’s gravitational field at a defined site owing to the rock mass characteristic. This technique is appropriate for near surface groundwater investigations. As the gravity is directly proportional to mass, the difference between the two rocks’ masses gives notable anomaly in the earth’s gravity field. If this anomaly is suitably measured, it can be used to assess the thickness of the unconsolidated rock [52]. In crystalline rock topography, the unconsolidated rock generally forms a groundwater aquifer due to high porosity, permeability, and transmissivity [48]. Gravimeter Scintrex CG-5 was applied for gravity measurement in a case study in Semarang City, central Java, Indonesia [53].



The tools, such as electrical resistivity, seismic, and gravity methods, are normally applied for detailed groundwater investigations. The most standard and reliable geophysical techniques are test drilling and stratigraphy analysis; however, these techniques of groundwater exploration are neither cost nor time effective and frequently require trained professionals [41].



Another method, “time-lapse gravity survey,” was applied to the monitoring of an artificial aquifer storage and recovery (ASR) system in Lyden, Colorado [54]. Through this method, all steps of the method were studied systematically that involve survey design, data acquisition, processing, and quantitative interpretation.




2.4. Monitoring of Aquifer Recharge Rate


Information on groundwater age is essential to address features, for example, recharge rates and mechanisms, resource renewability, flow rates, and vulnerability to pollution. Monitoring of these parameters becomes essential when dealing with shared water resources [19]. Exploratory well drilling with the use of isotopes is used for monitoring these parameters [19,55]. Stable and radioactive environmental isotopes provide information on the geochemical processes of groundwater and the hydrogeological characteristics of aquifers. Traditionally, groundwater flow patterns are inferred from indirect investigations. For example, nitrate concentration, often associated with agricultural activities, is used to identify the characteristics of shallow aquifers’ groundwater supplies [56]. Another indirect technique for groundwater recharge is used in the arid region of Saudi Arabia [57], in which authors found about 55–70% of rainwater infiltrated though soil profile and was recharged in underlined groundwater reservoir, which finally becomes a major source of water in the region.





3. Satellite-Based Groundwater Monitoring


There is great potential of satellite gravity observations, specifically when in situ measurements are inadequate or inaccessible [58]. Satellite is an effective technology to assess water storages remotely through remote sensing and geographic information system (RS and GIS), which are very useful tools in groundwater exploration mapping. They provide inputs to assess the total groundwater resources in a region and for the selection of suitable sites for drilling or artificial recharge [59]. The groundwater potential mapping is calibrated/validated by using drilling data [41,59]. Satellite data provide fast and valuable baseline information for numerous thematic features that directly or indirectly relate to existence and movement of groundwater. These types of information include geomorphology, land use/land cover (LULC), land slope, soil types, drainage patterns, and lineaments [41]. A previous review carried out by Frédéric Frappart and Guillaume Ramillien [60] explains about the GRACE mission’s estimations about the Terrestrial Water Storage (TWS) and GWS at different regions of the globe. It further explains the incorporation of different hydrological model in integration with GRACE. However, the current manuscript includes more detail, which explains almost all aspects of GRACE and its integration with different hydrological models as well as with different other satellites. The current review also contains classical approaches along with the GRACE, which are absent from the previous review.



3.1. Most Common Satellites


The first application of satellite data for earth monitoring, including hydrological studies, started back in 1957 [61,62]. Satellite data of LANDSAT, MODIS, and other similar satellites (Sentinel-2, SPOT etc.) have been used for the assessment of cryosphere (snow and glaciers), soil water, surface water, groundwater, evaporation, and other constituents of the global hydrologic system [63,64,65,66].



The Moderate Resolution Imaging Spectrometer (MODIS) data are used to help improve the understanding of global dynamics and processes that occur on the land, in the oceans, and in the lower atmosphere [67]. These specifically include total precipitable water, cloud, atmospheric profiles, land cover, evapotranspiration, water mask, ocean products, and snow, glaciers, and sea ice cover [16,67,68,69]. MODIS is a sensor that operates on the two satellites, i.e., Terra and Aqua, which were launched by NASA in 1999 and 2002, respectively [70]. Terra passes around the earth from north to south across the equator in the morning, whereas the Aqua satellite passes from south to north in the afternoon. In this way, both satellites view the entire Earth’s surface every one to two days, obtaining data in 36 spectral bands. The spatial resolution of MODIS data is 250 m, 500 m, and 1 km [71]. Relatively coarse resolution is its limitation; however, its benefit is its open-access availability.



MODIS satellite does not assess ground water resources directly; however, it helps to improve the different model inputs for groundwater modeling. An example consists of using the Nation-wide Groundwater Recharge Model (NGRM) for New Zealand. It uses MODIS-derived evapotranspiration and vegetation satellite data, available rainfall dataset, elevation, soil and geology, etc., and this research shows that with minor model adjustments and use of improved input data, large-scale models and satellite data can be used to derive rainfall recharge estimates for local scales. The estimated recharge of the NGRM model compares well to most local and regional data and recharge models [72]. Detail summary is shown in Table 1.



Landsat satellite is also a helpful tool for the groundwater assessment; however, it has high resolution (i.e., 30 m) [73] relative to MODIS. Its images are also freely available for research purposes, which is a great benefit. The Landsat Program is a continuous Earth-observing satellite mission, which is jointly managed by NASA and the U.S. Geological Survey. It started in 1972 with Landsat 1 and has been continued throughout the following four decades with Landsat 2, 3, 4, 5, 6, 7, and 8, and the last one (Landsat 9) launched in mid-2021 [74].



Landsat data collect spectral information from earth’s surface. Landsat data have evolved as a valuable resource of agriculture, land use, water resources, forestry, and natural resource investigation along with the understanding of existing circumstances of land changes in fresh water supplies [73,75,76,77]. A detailed summary is shown in Table 1.



The European Space Agency (ESA) under the Copernicus Program provides Sentinel-2 with temporal and spatial (10–20 m) resolution of 5 days and 10–20 m, respectively, which has opened new vistas for many applications for having higher resolution than both MODIS and Landsat [78,79,80,81,82,83,84,85]. Sentinel-2 is a multispectral operational imaging mission for worldwide land observation. It provides the data on soil, water, and vegetation cover for land, inland waterways, and coastal areas [86]. A detailed summary is shown in Table 1. Dubois et al. [87] used Sentinel-2 data to estimate the groundwater withdrawals in the Maghreb area. Some other studies also estimated groundwater needs indirectly via determining irrigation requirements for agricultural production [81,88].



Interferometric Synthetic Aperture Radar (INSAR) makes high-density measurements over large areas by using radar signals through Earth-orbiting satellites for measuring the variations of land surface elevation at higher resolution and spatial detail [89]. With INSAR, the variations in land surface elevation, the spatial extent, and the magnitude of deformation that is linked with fluid abstraction and natural hazards (landslides, volcanoes, earthquakes) are measured effectively. By utilizing synthetic aperture radar satellite data through InSAR techniques, ground deformation is assessed [90,91]. For local or regional scales, InSAR maps millimeter-scale displacements of the Earth’s surface with radar satellite measurements. It helps to survey remote sites quickly by measuring areas (thousands of kilometers) and attaining a spatial resolution of around 20 m. A detailed summary is shown in Table 1.



There can be a combination of multiples data sources and different techniques to find a particular parameter of groundwater. Srivastava and Bhattacharya [92] utilized IRS-LISS III (Indian Remote Sensing 1D Linear Imaging Self-Scanning Sensor 3) with TM/ETM + (Landsat Thematic Mapper/Enhanced TM) digital data and SRTM DEM (Shuttle Radar Topographic Mission Digital Elevation Models) to create multiple models. These include geomorphology, lithology, land uses, soil, lineament, river gradient, drainage density, and slope maps for detailed groundwater modeling. A detailed summary is shown in Table 1.




3.2. GRACE Satellite Data


The direct measurement of water column remained unsolved till 2002, when Gravity Recovery and Climate Experiment (GRACE), consisting of two satellites, was launched. These two satellites were upgraded to GRACE-FO in 2018. The combined task of the U.S. and German space agencies aims for detailed measurements of Earth’s gravity field changes. These have revolutionized the explorations about Earth’s water reservoirs over land, ice, and oceans along with earthquakes and crustal deformations. The data of this project are free for research and management purposes. GRACE offers monthly, vertically combined estimates of Terrestrial Water Storage (TWS) anomalies (departures from the long-term mean) at a coarse spatial resolution of about 300 km. TWS is comprised of groundwater, soil water, surface water, snow, and ice. GRACE estimations are used to assess the groundwater-depletion rates throughout the world [93]. Although the resolution of this satellite is coarse, it is very useful for the large basins on a regional or global scale. A detailed summary is shown in Table 1.



3.2.1. GRACE Products


The data obtained from the GRACE provide the information about the gravity anomalies. It needs extensive processing to extract groundwater-related direct information. The GRACE data can be classified into three stages/levels. The raw data, collected from satellites (Level 0), is calibrated and time tagged in a non-destructive (or reversible) sense and then labeled as Level 1A. Level 1A data products are not disseminated directly to the public. The data then undergo extensive and irreversible processing and are transformed to clean data products, labeled as Level 1B. These products include the inter-satellite range, range-rate, range-acceleration, the non-gravitational accelerations from each satellite, the pointing estimates, the orbits, etc. The Level 1B products are processed to produce the monthly gravity field estimates in form of spherical harmonic coefficients. These estimates are labeled Level 2. Occasionally, several months of data are combined to produce an estimate of the mean or static gravity field. After validation, all Level 2 and associated Level 1B products are released to the public.



GRACE Level 3 data represent monthly land-mass grids that possess terrestrial anomalies because of aquifers, snow covers, and river basins, etc. [94]. From the GRACE project data products, many GRACE users have put together the resources to generate and distribute value-added (or Level 3) products [95]. For the ease of users who would prefer to access GRACE data products as mass anomalies (for example water layer), some standardized products and tools are available from other sources, which are called Level 3 Data Products [96]. Figure 1 describes the GRACE data levels, processing, and the characteristics of these products.



Spherical harmonic (SH) (Level 2) and mascon (Level 3) solutions are the two main GRACE products used for the estimation of TWS. Both techniques have successfully been used in the retrieval of time-varying gravity fields from GRACE. For SH products, filtering and leakage corrections are required to reduce the noise, while no such correction is required for the mascon solutions. The capability of SH and mascon solutions to determine basin level mass variation is computed with an assessment of how the noise and errors are handled, which are inherent in GRACE solution. Although mascon solutions have an edge over the SH by avoiding leakage correction, the performance of SH for local scales is better than the mascon if corrections are applied correctly.



Leakage error is one of the many GRACE error constituents (for example, measurement and post-processing error). Generally, a leakage adjustment is needed to recover biases. The most extensively used approach is forward modeling, which uses a priori information (generally from global model simulations or in situ observations) to mimic the GRACE data processing techniques. Uncertainties of GRACE data is another main issue. Detailed analysis of uncertainties is important to achieve reliable and optimized products for obtaining TWS changes globally. For this purpose, different statistical techniques/approaches are used. For example, to enumerate uncertainties in the changes of TWS in GRACE observations, the three-cornered hat technique is in practice. Amid all other TWS change products, the BMA-based changes in TWS demonstrate the maximum consistency using with the WGHM output [97]. Empirical Orthogonal Function decomposition technique can be used to show detailed patterns of TWS variations annually and seasonally to see the long-term trends [97]. Additionally, Monte Carlo simulation framework is effective for reduction of uncertainty and improved parameter estimation while using GRACE in the calibration of Land Surface Models (LSM) parameters [22,98,99].




3.2.2. Estimation of Groundwater Storage (GWS)


Due to absence of long observational data and the sparse spread of monitoring wells, satellite-based observations of groundwater-storage variations through the GRACE satellite are often used to estimate the groundwater-storage changes [17,100,101]. Terrestrial water storage includes all landforms of water available to an area. It includes groundwater, surface water and canopy water, soil moisture, and snow and is a main component of the global and continental hydrologic cycle. Groundwater-storage (GWS) changes are acquired from TWS through deducting soil moisture, surface water, canopy water, and snow water equivalent data gained from GLDAS or with any other dataset [26,102,103,104]. Figure 2 explains the components of freshwater storage and processes. The same is explained in the following Equations (1) and (2):


  Δ T W  S  G R A C E   = Δ  S  g r o u n d w a t e r   + Δ  S  c a n o p y   + Δ  S  s n o w   + Δ  S  s o i l   + Δ  S  l a k e s   + Δ  S  w e t l a n d s   + Δ  S  r i v e r    



(1)






  Δ  S  g r o u n w a t e r   = Δ TW  S  G R A C E   − Δ  S  c a n o p y   − Δ  S  s n o w   − Δ  S  s o i l   − Δ  S  l a k e s   − Δ  S  w e t l a n d s   − Δ  S  r i v e r    



(2)







Since 2002, the GRACE has supplied a highly valued dataset, which allows the study of TWS over large river basins globally. Shamsudduha et al. [105] used GRACE datasets for a long time period and found that for the recent time period (2003 to 2007), groundwater-storage changes correlate well with in situ borehole records in the Bengal Basin in Bangladesh. For the Indus Basin, the variation in groundwater storage at numerous spatial scales has been studied by Iqbal et al. [106] with GRACE data. They found that the groundwater storage changes through GRACE-based estimation is reasonably sufficient for the provision of monthly groundwater-storage changes.



Variations in TWS can be acquired through the GRACE data. After the changes in groundwater, the variation of soil moisture is normally the highest factor in TWS changes and intermediate zone storage [107]. Strassberg et al. [108] found a robust link between the sum of soil moisture and groundwater storage with TWS by means of GRACE data. Before GRACE satellite, estimates of TWS changes were used to derive from the in situ data of soil moisture and snow. These approaches cover analyzing the variations in groundwater, soil water, surface water, and snow through utilizing a long time series [107].



Since the GRACE satellite was launched in 2002, a great deal of researchers has conducted the studies of groundwater using GRACE satellite data. According to the research articles published in various journals (source: https://scholar.google.com/, dated 18 January 2022), an annual frequency graph of articles has been developed to envisage the work carried out using GRACE data (refer to Figure 3).




3.2.3. GRACE Applications


GRACE provides useful information about global groundwater depletion. The shallow GWS declines faster than the deep GWS [109]. Globally, GRACE could be the only hope for the assessment of groundwater reduction [104]. GRACE data are useful for the estimation of regional groundwater monitoring on monthly to seasonal scale. Yeh et al. [110] confirmed the ability of GRACE to simulate regional groundwater-storage changes from monthly to seasonal scale for an area of about 200,000 km2 area in Illinois. It also provides reasonable results for the heterogeneous GWS variations as observed by Huang et al. [109]. Döll et al. [111] conducted groundwater storage monitoring for the Mississippi Basin. However, the study failed to obtain reliable results to monitor the total water storage due to water withdrawals at the whole scale of the basin. GRACE data were applied in global hydrological investigations, including water storage change evaluation, groundwater and evapotranspiration retrieving, drought analysis, and glacier response to global change [112]. In another study, complementary relationship (CR) approach was used to assess the evapotranspiration and a water balance method to estimate the runoff and base flow in the Conterminous United States (CONUS), which demonstrates how to use it with limited parameterization and datasets [113].



There are many GRACE-based studies of groundwater that showed substantial aquifer depletion for the large regions, for example, the North China, the northwest India, the Middle East, the Murray Darling Basin of Australia, and California’s Central Valley aquifers of the USA [17,101,114,115,116,117]. The shrinking phenomena of groundwater-fed lakes have also been monitored through GRACE and GLDAS [16]. Sun et al. [118] developed a method for estimation of aquifer storage parameters (specific yield and storability) utilizing the GRACE data for the connected aquifers of Edwards-Trinity Plateau and Pecos Valley in central Texas. Frappart and Ramillien [60] also found that these data were used to evaluate the parameters; the specific yield, for example, is used to relate groundwater level to storage or to describe the indices of groundwater depletion and stress. In another GRACE-GLDAS study, it was found that high consistency exists between GRACE observations and changes in water wells [119].




3.2.4. Additional Computational Tools


For groundwater management, the usage of GRACE data at a local scale has been inadequate due to in-built uncertainties in GRACE data and problems in disintegrating several TWS components.



Artificial Neural Network (ANN) models can be developed to foresee the variations of groundwater levels directly by means of a gridded GRACE product and other openly existing hydro-meteorological datasets. ANN is used as a statistical downscaling method, which is extensively used in streamflow projecting and management of water resources [120,121,122,123,124,125,126]. A trained ANN model is comparatively strong to data noise and is quite suitable to support real-time decision making [127,128]. Ensemble ANN models can be utilized to forecast monthly and seasonal groundwater-level changes for various wells situated in certain areas.



Because of the GRACE data, the ANN models forecast water-level variations instead of absolute water levels [128]. By combining GRACE, TRMM, and GLDAS, ANN predicts and evaluates groundwater drought [129]. Gemitzi et al. [130] used ANN to perform statistical downscaling of GRACE data using local meteorological data. A typical application process of ANN is shown in Figure 4.



Srivastava and Bhattacharya integrated numerous thematic plots on the GIS platform based on Saaty’s Analytical Hierarchy Process (AHP) with the Groundwater Potential Index (GWPI) values (0.175 to 0.940) to produce a good match with the resistivity and pumping test data [92]. Similarly, AHP was used by Mallick et al. [41] to find the most important contributing features to delineate the groundwater potential zones [131].





3.3. Supporting Terrestrial Modeling Systems


To monitor the other constituents of terrestrial water storage, for example, soil water, surface water, snow and ice water, canopy water, and groundwater, separately, some system is required to address this aspect, which was fulfilled by upgrading the GRACE system. This can be done with Global Land Data Assimilation System (GLDAS) and WaterGAP Global Hydrological Model (WGHM), which help GRACE to disintegrate the TWS into its required water component. For example, TWS disintegrates with help of these models to give groundwater anomalies.



3.3.1. Global Land Data Assimilation System (GLDAS)


The Global Land Data Assimilation System (GLDAS) is a worldwide, high-resolution, offline terrestrial modeling system that integrates satellite and ground-based observations to produce optimum fields of land surface conditions and fluxes in near-real time.



It produces a sequences of worldwide land surface conditions (for example, soil moisture and surface temperature) and fluxes (for example, evaporation and sensible heat flux) products that were simulated by four Land Surface Models (LSM), that is, VIC, Mosaic, CLAM, and Noah.



Several current and proposed weather and climate prediction, water resources applications, and water-cycle investigations rely on GLDAS output. GLDAS runs globally and on user defined domains at resolutions ranging from 2.5° to 1 km. The GRACE and GLDAS simulations provide precise and reliable datasets that are used to describe the variations of groundwater storage regionally [132]. The assessed groundwater variations by GRACE-GLDAS are usually in line with in situ observations [22,97,98,109,110,132,133].




3.3.2. WaterGAP Global Hydrological Model (WGHM)


WGHM calculates timeseries of surface and subsurface runoff, groundwater recharge, and river flows along with water storage variations in canopy, snow, soil, groundwater, rivers, lakes, and wetlands. Therefore, it can quantify the whole water resources along with the groundwater resources. Institute of Physical Geography (IPG) developed WGHM to provide freshwater fluxes with storage data on the land surface globally [134,135]. The spatial resolution of the model is 0.5° × 0.5°, and computations are carried out on daily basis, whereas the output is analyzed on a monthly time step. The WGHM considers the human-induced water consumption along with the daily groundwater simulations [134]. Figure 5 explains the possible approaches to incorporated GLDAS and WGHM data to obtain GWS from the GRACE data. In this figure, it can be seen that TWS is obtained through GRACE satellite, whereas both GLDAS and WGHM give surface water, soil moisture, snow water equivalent, and groundwater storage. Final groundwater storage profiles are obtained through the interaction of GRACE with GLDAS and GRACE with WGHM, which can be compared with in situ groundwater measurements based upon the statistical selection criteria as given in the figure.






4. Regional Groundwater Estimation through Numerical Modeling


The measurement of point-based water levels eventually leads to construct the troughs and peaks of the water table. Mostly, the collected data have been too sparse to construct a credible water surface profile. Several techniques, methods, and models have been developed over time to develop accurate groundwater surface profiling. The prevailing models can be classified into three general types:




	
Point-to-areal-distribution models;



	
Hydrologic budget-based models;



	
Commercially available software tools.








4.1. Point to areal Distribution Models


The point groundwater level values are used to get regional groundwater estimates. On the other hand, point level values in inaccessible areas can be obtained from the groundwater surface profiles. Kriging interpolation is the most widely used method. It estimates an unknown point by making use of a known point [136]. Results using kriging techniques are more efficient when data for variables are distributed normally [137]. Severely skewed distributions can often be alleviated by appropriate transformation of the data. The most common is the natural logarithmic transform, which is the best suited to lognormal data [137]. Other common methods include arithmetic average, trend analysis, regression analysis, and inverse distance method, etc.




4.2. Hydrologic Budget-Based Models


These methodologies adopted for quantifying groundwater resources are generally based on the hydrologic budget equation. The hydrologic equation for groundwater regime is a specialized form of water-balance equation that requires quantification of inflow-outflow from a groundwater reservoir as well as changes in storage therein [138]. Groundwater rise or depletion is directly calculated using calibrated groundwater models, analytical approaches, or volumetric budget analyses for multiple aquifer systems [139].



Static or steady-state modeling provides an overview of groundwater by assessing groundwater recharge by subtracting estimates of groundwater abstraction. Whereas, transient modeling is used to identify hotspots of groundwater depletion where lateral groundwater flows between the basins are significant [9].



Areas where groundwater recharge accounts for a lower fraction of total runoff are highly vulnerable to seasonal and inter-annual precipitation variability and water pollution [140]. Such areas require frequent monitoring of groundwater. To develop a reliable groundwater profile of such areas, all measurements of hydraulic head at such study sites should be made approximately at the same time, and the resulting contour and flow field maps are representative of only that specific time [141]. Monitoring of groundwater usage is not possible in real time at a global level with classical approaches. Mostly, the data of private wells are not shared in a systematic way, whereas the number of official monitoring wells are normally sparsely placed due to their high costs. Therefore, such conventional monitoring can neither be reliable nor quick.




4.3. Available Groundwater Numerical Models


Based on the geostatistical or hydrologic budget equation, many GIS-capable software tools are available to develop groundwater surface over the whole groundwater basin. For example, USGS Modular Groundwater Flow Model (MODFLOW), Finite Element Subsurface Flow System (FEFLOW) [142], Groundwater and Surface-water FLOW (GSFLOW) [143], (PHREEQC and HST3D) PHAST [144], and Saturated-Unsaturated Transport (SUTRA) are a computer programs that are used for groundwater flow modeling. They are used to simulate groundwater fluctuations, fluid movement, and the transport of dissolved substances in a subsurface environment.



Finite Element Subsurface FLOW System (FEFLOW) is a groundwater model developed by Danish Hydraulic Institute (DHI). The program uses finite element analysis to solve the groundwater flow equation of both saturated and unsaturated conditions and can reasonably provide a good model of the hydraulic heads [145].



Another model is the semi-coupled SWAT-MODFLOW model (SWATmf) [146], used to assess the future patterns of streamflow, groundwater levels, and reservoir storage from three management practices under the most aggressive climatic scenario (RCP8.5) at the Fort Cobb Reservoir Experimental Watershed (FCREW); it was developed by Triana et al. [147].



Free and open-source applications, such as ModelMuse [148] and FREEWAT [149], are the effective supporting tools used for groundwater modeling. Spatial data management and numerical modeling demonstrate the application of the QGIS-Integrated FREEWAT platform in 13 case studies for tackling groundwater resource management.





5. Conclusions and Recommendations


The conventional monitoring of groundwater largely depends upon the site measurement/model simulations, which is expensive and timewasting. Moreover, during the conversion from observation points to large areas, added error is brought into spatially constant data acquired by statistical interpolation techniques. The accuracy of interpolation outcomes may considerably drop in areas far away from observation sites. Additionally, some of the extrapolation methods are generally insufficient and biased; they do not provide enough information about the variance of the estimations. While conventional monitoring methods provide the point measurement and are more accurate as compared to satellite-based observations, the time, cost, and labor involved is sometimes not affordable.



Groundwater-related hydrological studies have become more useful and economical with the start of numerous satellite imageries and numerical modeling.



The extensive use of satellite data ensures a robust and cost-effective estimation of groundwater-storage variations. Inclusion of satellite data for groundwater monitoring is a remarkable milestone in the field of groundwater management. It enables policymakers to manage water resources on a real-time basis.



Specifically, the use of satellite data in groundwater resources accelerated very rapidly with the launching of GRACE satellite. GRACE satellite data are mostly utilized to assess the groundwater-storage changes. This satellite covers the issue of cost, time, and labor by providing its free data for some areas/regions, which can be used to assess groundwater evaluation efficiently at a global, regional, or national level. Combinations of other satellite products, computational tools, GIS techniques, and hydro-climate models have proved most effective so far. Different other models, such as GLDAS and WGHM, are efficient tools that are very helpful to use in integration with GRACE through upgrading its resolution.



Numerical modeling can also a useful tool for the simulation of groundwater resources for some areas and projects in the future. Therefore, GRACE and groundwater modeling can be tested to be used conjunctively for better evaluation of groundwater resources for a region.



Significant research has been conducted to increase the accuracy of the satellite-based groundwater estimates. However, dependency on point-based measurements has not been overruled. Point-based measurements are still considered most accurate and reliable method for the calibration of satellite and modeling data. A strategic usage of satellite-based models with point-measurement investigations would prominently improve the knowledge base of policymakers. A focus on point-based measurement is required with the help of cost-effective, robust, and accurate detection of groundwater levels using latest technologies.
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Figure 1. GRACE Satellite Data Levels, characteristics, and processing. 
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Figure 2. GRACE based total water storage variations are a composite of various continental water storage compartments. 
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Figure 3. Annual Article Frequency on GRACE. 
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Figure 4. Predicted downscaled GRACE-GLDAS GWS changes with ANN. 
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Figure 5. GRACE–GLDAS and GRACE–WGHM processing to get GWS from TWS. 
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Table 1. Summary of Satellites used in this review paper.
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	Satellite
	Launched by
	Start
	Resolution
	Outputs





	MODIS (Terra and Aqua)
	NASA
	1999 and 2002
	250 m, 500 m, 1 km
	Precipitable water, cloud, atmospheric profiles, land cover, evapotranspiration, water mask, ocean products, and snow, glaciers, and sea ice cover



	Landsat
	NASA and USGS
	1972
	30 m
	Agriculture, land use, water resources, forestry



	Sentinel-2
	ESA
	2015
	10–20 m
	Soil, water, and vegetation cover for land, inland waterways, and coastal areas



	INSAR
	USGS
	1992
	20 m
	Measuring the variations of land surface elevation at higher resolution and spatial detail



	IRS-LISS 3
	ISRO and USGS
	2003
	24 m
	Data for integrated land and water resource management



	SRTM DEM
	NASA
	2000
	90 m, 30 m
	Elevation data of an area



	GRACE
	NASA
	2002
	300 km
	Terrestrial water storage that includes groundwater, soil moisture, surface water, canopy water, snow, and ice water
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