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Abstract Globally, groundwater represents a critical natural resource that is affected by changes in natural
supply and renewal, as well as by increasing human demand and consumption. However, despite its critical
role, groundwater is difficult to accurately quantify as it is beneath the Earth surface. Here, we review several
state-of-the-art remote sensing techniques useful for local- to global-scale groundwater monitoring and
assessment, including proxies for groundwater extraction. These include inferring changes in subsurface water
from mass changes using gravitational measurements, and analyzing changes in the Earth surface height using
Interferometric Synthetic Aperture Radar, Light Detection and Ranging, Airborne Electromagnetic Systems,
and satellite altimetry. Remote sensing information is often used in tandem with ground-based observations
such as hydraulic head in wells, Global Navigational Satellite System monitoring, and numerical modeling

to complement the space-based approaches. In the future, fusing different remote sensing techniques capable
of operating in various environments will yield additional insight on the state and rate of use for groundwater
across the globe.

1. Scientific Necessity and Overview

Groundwater is Earth's largest reservoir of fresh, liquid water. Accounting for more than 20% of water usage world-
wide and 43% of irrigation water (Earman & Dettinger, 2011; Fetter, 2001; Zektser & Everett, 2004), groundwater
serves as the primary source of freshwater for over 2 billion people across the globe (Alley et al., 2002; Famiglietti
et al., 2011; Gleeson et al., 2012; WWAP, 2015). Its contributions are expected to increase with rising global
population and changing climate, as surface water becomes a less reliable resource (FAO, 2005; OECD, 2011;
WWAP, 2015). It is estimated that by 2050, 2 billion additional people will need to be fed, increasing demand
on agricultural land use for improved rates of food production (OECD, 2011; WWAP, 2015). As climate change
continues to alter patterns of drought and regional recharge dynamics, groundwater will continue to establish
itself as an increasingly critical component of the water cycle, as groundwater variability directly impacts surface
water (Doll, 2009; Earman & Dettinger, 2011; Maxwell & Kollet, 2008; Scibek & Allen, 2006). Groundwater
also has important implications for the energy cycle, as it can act as a thermal energy storage (Arola et al., 2016;
Dickinson et al., 2009) or an energy consumer during its abstraction (Kumar, 2005; Scott & Sharma, 2009; Wang
et al., 2012). Groundwater supply, therefore, is directly linked to global food safety, climate change, and energy
security (Famiglietti, 2014; Giordano, 2009; McCallum et al., 2020; OECD, 2011; Sharma, 2009; WWAP, 2015).

However, groundwater depletion is a significant issue globally, and it is estimated that over 20% of the world's
aquifers are overexploited (Gleeson et al., 2012; Richey et al., 2015; Wada et al., 2010). Use of groundwater
and its eventual depletion is not an isolated problem, and entails various side effects, including land subsid-
ence (Erban et al., 2014; Farr & Liu, 2015; Galloway & Burbey, 2011), coastal saltwater intrusion (Ferguson
& Gleeson, 2012; Konikow, 2011; Michael et al., 2017; Werner & Simmons, 2009), decreased baseflow and
consequent basin salinization (Farber et al., 2004; Pauloo et al., 2020; Warner et al., 2013), desertification
(Sheridan, 1981; Van Dijck et al., 2006; Yang et al., 2015), and increased political conflict across transbound-
ary aquifers (Giordano, 2009; Jarvis et al., 2005; Wolf, 2007; Zeitoun & Mirumachi, 2008). The Intelligence
Community Assessment (NIC, 2012) has identified water stress to be a potential driver of regional instability.
Therefore, understanding the availability of groundwater in the world's aquifers as it is exploited by humans over
time is a key component for decision-makers interested in populations at risk of drought and consequent conflict.
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Yet, as of 2022, despite its critical role in the global water cycle, in trade, and in climate, groundwater is under-
represented in current United Nations' Sustainable Development Goals (Gleeson et al., 2019; Guppy et al., 2018).
This negligence often arises from its “invisible” (Edmunds, 2004) or hidden (Chapelle, 1997; Eckstein, 2005)
nature. Groundwater storage and fluxes are also generally poorly monitored due to the challenges in obtaining
information on a fluid that is at depth below the ground surface. Our understanding of ground water usage and
availability often derives from limited or sparse in situ measurements, which can be problematic to obtain globally
and especially in denied access areas. In situ measurement techniques, such as groundwater well monitoring, are
further complicated by diverse and heterogeneous geology and the resulting spatial heterogeneity in soil type,
texture, aquifer structure, and specific yield (Berg & Illman, 2011; Gleeson et al., 2011; Meinzer, 1932; Upton
et al., 2019; van Bussel et al., 2015). Even in locations where in situ data are plentiful (e.g., California's Central
Valley, Faunt, 2009), there are challenges in the aggregation, integration, and interpretation of these observations.
For data-poor or contested regions, information on groundwater depletion can be nonexistent.

For these reasons, remote sensing approaches to monitoring groundwater or aquifer change can be advantageous
(Becker, 2006). Satellite and airborne observations have revolutionized the understanding of hydrology and water
availability at regional to global scales in ways that would not have occurred with relatively sparse in situ obser-
vations. Earth-observing satellites and airborne systems can provide both the “big picture” spatial coverage as
well high-resolution proxies for groundwater storage change and aquifer structure over large regions. This Earth
sensing data revolution has the potential to provide the regional to global understanding essential for improv-
ing predictive models and informing policy makers, resource managers, and the general public (Famiglietti
et al., 2015). In recent years, several space- and air-borne remote sensing methods have been applied to the study
of groundwater, demonstrating that water storage, extraction, and recharge, as well as aquifer hydrostratigraphy,
can be estimated under the right circumstances on regional to global scales. Yet, challenges remain in using these
data sets, particularly in relating the raw observed data to hydrologic variables of interest, in downscaling coarse
data sets, and in integrating diverse remotely sensed data sets into groundwater models. In this work, we review
the principal groundwater (and groundwater/aquifer proxy) measurement techniques that have been developed,
including gravitational techniques, InSAR, lidar, airborne electromagnetic (AEM) systems, and GNSS. We also
discuss future needs and research directions both in measuring and modeling capabilities, noting that integrating
multiple remotely sensed data sets into groundwater modeling frameworks is an area of significant opportunity.

2. Technological Progress and Current Limitations

This section explores the technologies and techniques that are applicable to the groundwater proxy measure-
ments. They include gravity measurements (e.g., Gravity Recovery and Climate Experiment (GRACE) and
GRACE-FO; Tapley et al., 2004; Rodell et al., 2007; Famiglietti et al., 2011), InNSAR measurements of surface
displacements (Amelung et al., 1999; Farr & Liu, 2015; Galloway et al., 1998; Reeves et al., 2014), Global
Navigational Satellite System (GNSS) measurements of surface displacements at points (Amos et al., 2014;
Argus et al., 2014, 2017; Borsa et al., 2014; Enzminger et al., 2019), radar altimetry (Hwang et al., 2016), lidar
(An, 2015), subsurface aquifer sounding (Heggy & Paillou, 2006; Mukherjee et al., 2010), and infrared/thermal
measurements of evapotranspiration as a proxy for ground water use in areas known to rely on groundwater as a
water source (Chen & Hu, 2004; Jackson, 2002; Maxwell et al., 2007) (Table 1). In this review, we describe the
measurement principle and algorithmic approach to transforming the measurement into a measure of groundwa-
ter, the trade space for systems that can achieve measurements, and their strengths and limitations.

2.1. Gravity-Based Measurements of Groundwater

The GRACE mission has provided estimates of the time-variable gravity field spanning April 2002—June 2017
(Figure 1; Tapley et al., 2004; Rodell et al., 2018; Famiglietti et al., 2011; Richey et al., 2015). These measure-
ments are now being continued with the successful launch of the GRACE Follow-On (GRACE-FO) mission in
May 2018, which was designed primarily as a continuity mission (Landerer et al., 2020).

Unlike most remote sensing measurement approaches, the GRACE and GRACE-FO missions are nontraditional
in that there is no instrument pointed at the Earth taking measurements. Rather, the basic mission architecture
consists of a pair of identical satellites flying in a leader-follower formation, separated by approximately 220 km
in the along-track direction (Figure 2). The primary instrument is a K/Ka band microwave ranging instrument
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Table 1

Summary of Techniques Presented in Section 2

Technique

Capabilities

Advantages

Disadvantages

Gravimetric measurements

Surface deformation measurements

Airborne Electromagnetic Systems
(AEM)

Proxy measurements

GRACE and GRACE-FO: Measures

groundwater storage change using
gravimetric measurements at a
(300 km)?, 30-day resolution.

Tracks ground movement to estimate
changes in groundwater storage.
Deformation is driven by changes
in pore pressure and effective stress
as groundwater storage changes.

InSAR: mm-scale changes can be
recorded in meter-scale track
resolutions.

GNSS: Provides point-based
measurements but stations exist
globally.

Radar altimetry: >1 cm/yr vertical
scales along 1-km track resolutions.

Lidar: 3 cm vertical scales in 1-km
grids (ICESat-2).

Electrical conductivity is measured
to estimate water table. Shallow
(1-3m) and deep (300-400m)
aquifers can be surveyed.

Soil moisture and evapotranspiration
can be used as proxies to
groundwater use in regions
that have vegetation reliant on

Can obtain a global picture of
groundwater storage anomalies.

Can provide continuous records of
surface deformation. High temporal
and spatial resolution (or station
density, in the case of GNSS)
allows for robust applications at
various scales.

Can rapidly survey large areas at a low
cost.

Optical remote sensing methods are
often high in spatial resolution,
allowing this technique to be
applied at local scales.

Spatial scale makes it difficult for
usage in smaller aquifers without
additional modeling, and high
frequency mass variations are not
captured.

A good constraint of geologic
characteristics is needed to
accurately relate nonlinear

surface deformation responses to

groundwater storage changes.

Geologic properties of the aquifer
system need to be well-constrained.
Limited capacity in saline systems.

Relies on an inferred relationship
between vegetation and
groundwater use (conjunctive use
of surface water not considered).

groundwater (e.g., arid regions,
pumping/irrigation regions, and
high-infiltration regions).

(MWI) that measures how the distance changes between the satellites to micron-level precision as they orbit the
Earth. As the satellite pair approaches a gravity (or mass) anomaly, the leading satellite “feels” this local gravi-
tational attraction, and accelerates relative to the trailing satellite, resulting in a change in distance between the
satellites. After the first satellite flies over this anomaly, it is then decelerated back toward the anomaly while
the trailing satellite is accelerated toward it, again resulting in a relative range change. The pair of satellites
continues this elegant tango as they orbit the Earth in tandem, continuously tracking the relative range between
them. It is worth mentioning that while the GRACE-FO mission was primarily designed as a continuity mission
for GRACE, it does carry a prototype laser interferometer to measure the range changes between the satellites
approximately 100 times more precisely than GRACE (approximately 10 nm). This technology can be viewed as
an enabling technology for future missions, as other error sources currently limit the spatial and temporal resolu-
tion of the derived gravity fields.

GRACE and GRACE-FO canonically provide monthly estimates of the time variable geopotential field of the
Earth. These measurements of geopotential are then converted to a corresponding height of a thin layer of water
on the Earth's surface (units: equivalent water height (EWH)), using the methods of Wahr et al., 1998 or Rowlands
etal., 2005. The accuracy of GRACE is approximately 2 cm EWH over a region (300 km)? at monthly timescales.
Removing an arbitrary time mean from the series of GRACE measurements allows for calculation of total water
storage anomalies (TWSA) from the data. It is important to note that the GRACE-based measurements of TWSA
can be contaminated by solid Earth mass variations. Users interested in isolating subsurface mass variations (such
as changes in groundwater), must remove changes in the solid earth mass variations (e.g., from earthquakes and
glacial isostatic adjustment processes) using models (Han et al., 2008; Peltier et al., 2018). After removal of solid
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Figure 1. (From Famiglietti, 2019, based on Rodell et al., 2018). Global trends in terrestrial water storage (cm/yr) as observed from Gravity Recovery and Climate

Experiment (GRACE) between April 2002 and March 2016.

Figure 2. (From NASA) How Gravity Recovery and Climate Experiment
(GRACE) and GRACE-FO measures gravity. The two satellites travel together
maintaining a relatively constant distance of 220 km between each other. As
the satellites fly over a region of gravitational attraction, the acceleration of the
satellites is measured and converted back to equivalent gravitational mass.

Earth effects, TWSA then contains information on the integrated water stor-
age change for a region, including changes in surface water (lakes and rivers;
AW, pce)> Vegetation and canopy water (AW,.), soil moisture (AW, ), snow
(AW,,), evapotranspiration (AWyy), and groundwater (AW,,,,q). In order
to isolate a groundwater signal, the TWSA needs to have estimates of each of

the other variables removed (Equation 1):

TOun(

TWSA = AI/Vsurfa\ce + AI/I/veg + AI/I/snow + AW/SOH + AI/Vground (1)

Typically, these estimates are provided by a hydrology model, in which
precipitation and radiative forcing, as well as soil composition are used to
calculate the water balance, including storage change, evapotranspiration
and runoff, over a discretized control volume (i.e., a model grid cell). This
is typically done with land surface model outputs that readily produce esti-
mates of snow water equivalent and soil moisture (Rodell et al., 2007), but it
can also be accomplished using observations where they are available (Yeh
et al., 2006). Surface water storage changes are significant in the wet trop-
ics and in certain high latitude regions (Getirana et al., 2017), and estimates
may come from in situ stage observations or satellite altimetry, as available.
Canopy and vegetation water change is typically assumed small and as such
often neglected (Rodell et al., 2005). However, it is important to note that
land surface model errors will accumulate in the groundwater residual calcu-
lated from TWSA, and careful error accounting must be performed (Rodell
et al., 2007). The uncertainty in month-to-month TWSA-model groundwater
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residuals is typically substantial, but the approach can be useful in identifying long-term trends in groundwater
depletion (Rodell et al., 2009).

Limitations of GRACE and GRACE-FO lie in data processing errors, orbital altitude limitations, and observation
geometry. Data processing is a critical component in resolving time-variable gravity. After a month of accumulat-
ing onboard measurements, a realistic simulation of satellite orbits propagating through a dynamic Earth system
is set up, creating synthetic intersatellite range measurements. The created dynamic earth system must include
force models of high frequency mass variations, such as ocean tides, high frequency atmosphere, and dynamic
ocean mass variations. Since measurements must be accumulated for ~30 days for a stable solution, GRACE
cannot resolve these high frequency mass variations, and as such, a model must be used to account for their effect
on the orbits of the two satellites. Model errors then alias into the monthly gravity solution as “temporal aliasing
errors,” and have a greater effect on gravity retrieval than the expected measurement system errors (combination
of MWI, accelerometers, star cameras, and Global Positioning System (GPS)) onboard the GRACE-FO satellites
(Wiese, Visser, & Nerem, 2011). Satellite altitude is also a noteworthy limitation of GRACE and GRACE-FO.
The GRACE and GRACE-FO satellites were placed in an orbit with an altitude of approximately 500 km, which
naturally decays due to atmospheric drag. As the satellite orbits decay, the sensitivity to the gravity field perturba-
tions increases. While lower altitudes would allow for a spatial resolution finer than 300 km, this would increase
atmospheric drag, thereby limiting the lifetime of the mission. The final limitation worth noting is the observation
geometry. GRACE and GRACE-FO are placed in a polar orbit (for global coverage), and take measurements
solely in the along-track direction. Because of this, there is limited information on any east-west gravity varia-
tions, and both measurement system errors and temporal aliasing errors are manifest as longitudinal stripes in the
gravity solution. The user community has become adept at removing them via a wide variety of post-processing
filters (Luthcke et al., 2013; Save et al., 2016; Swenson & Wahr, 2002; Watkins et al., 2015). However, in any
approach of removing the stripes, users run the risk of removing real geophysical signal as well. In fact, a set of
so-called “scaling factors™ are recommended to implement for most users to restore lost geophysical signal due to
the filtering (Landerer & Swenson, 2012; Wiese et al., 2016).

The GRACE record provides a roughly 15-year observational period globally, while the GRACE-FO mission is
extending that record into the 2020s. Continuity with future satellite gravimetry missions will be vital to extend
this valuable record and determine with more certainty the long-term rates of groundwater depletion, potential
climate change impacts, and responses in human activity to periodic events such as droughts.

2.2. Surface Deformation Measurements

Time series analysis of surface subsidence and uplift in regions of exploited aquifers with compressible sedi-
ments has been used to estimate changes in groundwater storage (both due to recharge and withdrawal). Radar
altimetry, Lidar, Interferometric Synthetic Aperture Radar (InSAR; ground displacement measured using inter-
ferometric pair maps; see Section 2.2.1), and GNSS are able to measure surface deformation at high vertical
precision (Sneed, 2001). In areas of susceptible geology, groundwater pumping can cause compaction of certain
layers, yielding elastic or inelastic subsidence at the surface (Amelung et al., 1999; Argus et al., 2005; Bawden
et al., 2001; Chaussard et al., 2013, 2014; Smith et al., 2017).

The deformation is driven by a change in pore pressure in subsurface sediments, which causes a change in effec-
tive stress of the opposite sign (Terzaghi, 1925). An increase or decrease in effective stress causes the aquifer
matrix to either consolidate or expand, respectively. It is often more convenient to refer to effective stress changes
as changes in groundwater levels, which are related to pore pressure through a unit conversion (Fetter, 2001).
Increasing groundwater levels cause a decrease in effective stress and expansion of aquifer material, while
decreasing groundwater levels causes the opposite to occur.

The amount the matrix deforms per unit change in groundwater level is a function of the compressibility and
stress history of the layer that is deforming. Fine-grained, unconsolidated materials such as clays are highly
compressible, and typically deform much more than coarse-grained or consolidated materials. When the ground-
water level drops below the lowest level previously experienced by the deforming material, or pre-consolidation
head, inelastic, or non-recoverable consolidation occurs (Riley, 1969). At all other times, the deformation is
elastic. Typically, inelastic deformation per unit change in groundwater level is one to two orders of magnitude
greater than elastic deformation (Helm, 1975; Riley, 1969). Thus, the key common factors that typically result
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Figure 3. InSAR measures surface deformation by measuring the difference in the phase of the radar wave between the
two passes if a point on the ground moves and the spacecraft is in the same position for both passes. Because changes to
groundwater subsequently causes elastic or inelastic surface response, InNSAR can be used to infer volumetric groundwater
change by measuring surface deformation.

in a large amount of subsidence due to groundwater pumping are: (a) a historically large drop in groundwater
levels and (b) thick, unconsolidated, and compressible sediments, such as clays. Because multiple factors can
cause deformation and because there is significant spatial variation in both how groundwater levels respond
to changes in groundwater storage and how much deformation occurs for a given change in groundwater level,
linking geodetic observations with changes in groundwater storage is challenging. To do this successfully, one
must account for the nonlinear processes described above, as well as the spatial variation in aquifer thickness and
compressibility. In spite of these challenges, many rich geodetic data sets are currently available that have been
used to estimate aquifer properties in a number of studies.

Global Navigational Satellite System can provide measurements that are continuous in time at the station loca-
tions (Biirgmann et al., 2006; Dehghan-Soraki et al., 2015; Ferretti et al., 2007). Interferometric Synthetic
Aperture Radar and radar altimetry can provide a continuous map of the deformation, observed whenever the
satellite or aircraft covers the area. Land deformation can therefore serve as a proxy for volumetric groundwater
change. However, as surface response to groundwater change can be nonlinear and spatially heterogeneous, such
approaches are best used when complemented by knowledge of the geologic and general hydrologic properties
of the aquifer.

2.2.1. Interferometric Synthetic Aperture Radar

Interferometric synthetic aperture radar (InSAR) for measuring surface deformation was first demonstrated using
the L-band SEASAT satellite by Goldstein et al. (1988). Since then the technique has become a major geodetic
tool for measuring surface deformation and change in a variety of disciplines, including geophysics (Hooper
et al., 2004; Wright et al., 2004), climate science (Gourmelen et al., 2011; Zhao et al., 2016), hazard assessment
(Chen et al., 2012), and infrastructure monitoring (Eppler & Rabus, 2012; Milillo et al., 2016; Sneed, 2001).
Particularly for areas where local in situ measurements are difficult or impractical, spaceborne InSAR has proven
to be essential.

Interferometric SAR takes advantage of the coherent nature of SAR imaging. Each image comprises
complex-valued pixels, each representing a coherent backscatter amplitude and phase. As illustrated in Figure 3,
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Figure 4. (Modified from Smith et al., 2017 and Smith & Knight, 2019). (a) Map of InSAR-derived total vertical subsidence from June 2007 to December 2010
across several groundwater sub-basins in Central Valley, California. (b) Modeled and observed deformation data, with modeled subsidence (blue line), error (gray),
InSAR-derived deformation from Envisat and ALOS (orange; used for calibration), and total displacement from Sentinel-1 (red; excluded from calibration, but used for
validation) for three locations within the Kaweah sub-basin.

an InSAR satellite passing over a location before and after a surface motion such as subsidence due to subsurface
fluid withdrawal, at exactly the same point in inertial space, measures how the ground shifts between passes, via
aradar interferogram. This is the product of the first image with the complex conjugate of the second (Donnellan
et al., 2008). The interferogram measures the difference in phase of the radar wave between two passes, which
is sensitive to ground motion directed along the radar line of sight. An InSAR image of the point-by-point phase
difference of the wave on the surface is used to create a map of the movement of the surface over time. In this
way, ground deformation along the line-of-sight (LOS) direction on the scale of a fraction of the radar wavelength
can be resolved as long as the phase coherence between the signals is maintained (Gabriel et al., 1989; Zebker
& Goldstein, 1986). The radar instrument can take observations through cloud cover, without sunlight, and can
measure sub-centimeter changes. Effective use of InSAR often relies on a time series of observations, and with
the current ubiquity of civil and commercial SAR systems acquiring global data, the reliability, accuracy, and
usability of these products have greatly improved. For groundwater estimation, where changes occur slowly,
time series measurements can be essential, particularly for systems with short wavelengths like X-band (3 cm
wavelength) where changes in other surface properties such as vegetation or soil moisture reduce coherence and
introduce noise, so stacking many observations over time is needed to track the signal.

Successful application of InSAR for groundwater estimation is contingent on local geology, surface cover, and
atmospheric and ionospheric noise. For subsidence to be employed as a proxy for changes in groundwater storage,
the aquifer must undergo physical deformation associated with groundwater depletion or recharge. Therefore,
the spatial pattern and extent of surface subsidence is contingent upon geologic heterogeneity, matrix elastic-
ity, effective stress, and the critical head threshold (Castellazzi et al., 2016; Hoffmann et al., 2003). Nonethe-
less, subsidence-inferred groundwater changes have been published for many areas globally, including Iran (Jafari
et al., 2016; Motagh et al., 2017), India (Chatterjee et al., 2006), Mexico (Calderhead et al., 2009), China (Zhou
et al., 2016), and the United States (Argus et al., 2005; Bawden et al., 2001; Chen et al., 2017; Farr & Liu, 2015;
Liu et al., 2019; Reeves et al., 2011; Smith & Majumdar, 2020) (Figure 4).

Because InSAR relies on the coherent nature of the backscattered energy, if surface features change their relative
position within a pixel (as opposed to a bulk shift within the pixel), an interferometric measurement cannot be
made. Therefore, vegetation cover or changes in the surface due to agricultural activity can also lead to decor-
relation of the InSAR signal (Castellazzi et al., 2016). However, these issues can be addressed by using longer
wavelength radars that are less sensitive to such changes or by observing more often. Precipitable water vapor

ADAMS ET AL.

7 of 27

d ‘01 ‘TTOT “€L6LYFOL

:sdny woiy papeoy

ASU2DI SUOWIO)) 2ANEAX)) d[qearjdde oy Aq PauIaA0d aIe Sa[d1IER Y() (2SN JO Sa[NI 10§ AIRIqIT AUI[UQ AJ[IA\ UO (SUOHIPUOI-PUEB-SULIA)/W0D AS[1M  AIeIqr[aur[uo//:sdyy) SuonIpuo)) pue suLd I, oy 208 *[£202/90/Lg] uo Areiqry aurjuQ Ad[1A\ Yoynonqig-yid younz yg £q 6127€0UMIT0T/6T01°01/10p/wod Kaim A:



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032219

Table 2

List of Current Synthetic Aperture Radar (SAR) Operations That Could Be Utilized for Groundwater Applications

System

Operational
Period

Wavelength/Polarization Temporal Sampling Global Coverage Strategy

Sentinel-1 (ESA/EU)

ALOS-2

Radarsat-2

COSMO Skymed

TerraSAR-X/Tandem-X

2015-present

2016-present

2007-present

2013-present

2010-present

C-band (5.6 cm) Single/Dual 6 or 12 days, area dependent Mostly global at 12-day repeat. Europe and selected
areas at 6-day repeat. Usually Ascending or
Descending orbit acquisition, not both.

L-band (24 cm) Single 14 days capable, generally 5-6 Global maps roughly yearly, Ascending or
samples per year Descending.
C-band (6 cm) Single/Dual/ 12 days, area dependent Fully commercial system.
Quad
X-band (3 cm) Single/Dual/ 4, 8, 12, or 16 days, area Some wide-area campaigns (e.g., Italy and California)
Quad dependent but generally targeted observations for specific

commercial, scientific, or military purposes.

X-band (3 cm) 11-day repeat Global mapping for topography has used much of its
duty cycle. Targeted studies always possible.

in the atmosphere can also be a limiting factor particularly in humid areas, as centimeters of path delay can lead
to an error in the deformation signal. Typically, many samples over time are needed to average out this noise
source, since the water vapor delays are uncorrelated from time to time, while the aquifer deformation is highly
correlated to secular or seasonal trends (Li et al., 2009, 2012). For longer wavelength systems such as the C- or
L-band (5 and 25 cm wavelength, respectively), the ionosphere can additionally introduce significant path errors
and require corrective methods using the data themselves (Meyer, 2011). The optimal InSAR data product to be
used for groundwater evaluation therefore depends on the regional geologic, vegetation, and climatological char-
acteristics. Current operational SAR systems are listed in Table 2.

Limitations to using InSAR in application and resolution of groundwater problems lie in data availability, repeat
coverage, and sampling. For global groundwater monitoring, only Sentinel-1 from the European Space Agency
(ESA) provides sufficient coverage and repeat coverage suitable for a global assessment. Nonetheless, changes to
aquifers occur at low spatial gradients over longer timescales. Hence, InSAR products with modest spatial reso-
lution (100's of meters) images sampled on weekly timescales over time can readily be utilized to observe surface
deformations related to groundwater storage changes.

2.2.2. Global Navigational Satellite System (GNSS)

In groundwater applications of GNSS, observations are collected “in situ” from receiving stations on the Earth
surface, in proximity to the region of interest. By the strictest definition, active tracking of GNSS on the ground
is not a remote sensing technique. At the same time, GNSS is a well-established spaceborne measurement tech-
nique that leverages a robust and expanding space segment of navigation satellites for highly accurate position-
ing. Most importantly, terrestrial GNSS applications rely on a vast network of low-cost, geodetic-grade ground
receivers deployed for a variety of scientific applications. These “sites of opportunity” imply that dedicated in
situ resources are not necessary for the most groundwater applications. For these reasons and the complementary
nature of these measurements with more traditional remote sensing observations, in this paper, we consider the
important role of GNSS in monitoring groundwater variations.

We note that GNSS refers to a broad range of satellite-based positioning systems, one of which is the GPS
of the US. The past decade has witnessed a dramatic proliferation of science-grade GNSS stations around the
globe, each of which can be considered a station of opportunity for monitoring groundwater. Blewitt et al. (2018)
describes this as an “exponential explosion” of geodetic-quality stations, and now routinely process open-access
GNSS data from over 17,000 globally distributed sites. The notion of GNSS stations as a sparse grid is rapidly
giving way to a new paradigm of interconnected dense GNSS arrays spanning the globe (Figure 5). While the
most noteworthy dense arrays are in the United States, Japan, Europe, and other areas of strategic interest (e.g.,
South America, sub-Saharan Africa, and Turkey) are increasingly represented by denser GNSS networks. Time
series of GNSS station positions are available through the Nevada Geodetic Library (http://geodesy.unr.edu/
PlugNPlayPortal.php), and are built from daily point positions with typical repeatabilities of 2, 2, and 4 mm
in latitude, longitude, and height, respectively. This level of precision enables accurate monitoring of surface
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Figure 5. GNSS sites (hexagons) between 3 and 28 years of data analyzed by the Nevada Geodetic Laboratory (Blewitt et al., 2018) with which to evaluate change in
total water storage using displacements of Earth's surface. The color filling each hexagon denotes the time duration of data at a site (see legend).

deformation, which reflects changes in groundwater among other phenomena (e.g., Argus et al., 2014). The
GNSS time series can also be assimilated into models and/or combined with other observational data sets (e.g.,
with GRACE and InSAR; see Section and Liu et al., 2019) to complement point-based measurements of surface
deformation.

Global Navigational Satellite System stations provide continuous, accurate point measurements of vertical move-
ments of the Earth surface, including those linked to depletion and replenishment of groundwater and other
fluids in the crust. With dense networks of GNSS stations, vertical deformations can be characterized at high
spatial resolutions to monitor regional variations in groundwater and probe potential causes. The southwestern
U.S. is an example of a region that hosts a dense network of GNSS stations, providing indirect measurements
of groundwater supply at depth. The Central Valley of California, which produces more than half of the nation's
produce and generates more than $17 billion in agricultural profit per annum (Hastings, 2014), has suffered
significant subsidence resulting from groundwater overdraft. Global Navigational Satellite System stations in the
Central Valley are located mainly on compressible unconsolidated aquifers and record subsidence related to aqui-
fer compaction from groundwater depletion (Figure 6). Interestingly, elastic response was recorded in the stations
surrounding the valley, in the California coastal ranges and in Sierra Nevada (Figure 6). This was potentially
attributed to unburdening of the lithosphere from groundwater pumping (Amos et al., 2014) or drought-driven
losses of groundwater and deep soil moisture, especially in recent years (Argus et al., 2017). Both explanations
underscore the remarkable ability of dense GNSS networks to provide insight on groundwater variations. It also
highlights the advantage of GNSS networks, as GNSS stations do not need to lie directly over the particular aqui-
fer of interest to detect changes. While GNSS stations located within the Central Valley are recording subsidence
in response to aquifer compaction, nearby stations record elastic rebound in response to unloading. As such,
fingerprints of groundwater depletion extend well beyond the margins of the aquifer system, and the water loss
can be inferred from the size of the elastic load signal assuming that other sources of vertical deformation, such
as tectonics and volcanic activity, can be modeled or removed. Recently, White et al. (2022) also reviewed in
detail GNSS applications in hydrogeodesy, including how hydrologic storage changes can be isolated from GNSS
observations of surface displacement.
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Figure 6. Mean rate of vertical motion estimated from Global Navigational Satellite System (GNSS) data from 2006 to 2021.
Color gradations represent the rate of vertical motion: very fast subsidence (magenta), slow subsidence (blue), nearly zero
vertical motion (white), and slow uplift (green yellow). Contours area at 2, 1, 0, —1, —10, and —100 mm/yr. Blue hexagons
are GNSS sites recording primarily solid Earth's elastic response to change in water at Earth's surface. Red squares are GNSS
sites recording the Earth's porous response to change in groundwater. Green triangles are GNSS sites influenced by volcanic
activity. GNSS sites are assigned to the different categories following Argus et al. (2017). Vertical rates of motion are
estimated from GNSS positions as a function of time determined by the National Geodetic Laboratory (Blewitt et al., 2018;
Hammond et al., 2021) using satellite orbits and clocks determined by Jet Propulsion Laboratory (Bertiger et al., 2020).

Santa Ynez groundwater indicated in the figure spans the Santa Ynez basin (southern half) and the Santa Maria River Valley
groundwater basin (northern half).

Examples of groundwater detection from GNSS can be also readily found near regions of highly variable gravity.
Figure 7 (top) shows the locations of selected GNSS ground stations against the backdrop of time variable gravity,
as expressed as RMS variability of the GRACE (RL05) monthly product. Comparison of the GRACE signal to
the GNSS record shows remarkable agreement between the two measurements. As such, GNSS measurements
are useful in providing long-term subsidence records for various regions around the world, and in correlating
groundwater storage changes from GRACE to surface deformation and response.

2.2.3. Radar Altimetry for Surface Deformation

While altimetry missions were originally designed for oceanic and cryospheric applications, radar altimetry can
also detect groundwater-related subsidence, providing an indirect measurement of groundwater storage changes
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Figure 7. Top, Locations of selected Global Navigational Satellite System (GNSS) stations (red dots) from the International
GNSS Service plotted against the RMS variability of gravity from Gravity Recovery and Climate Experiment (GRACE)
(colors); Middle (http://sideshow.jpl.nasa.gov/post/series.html), GNSS station in Porto Velho, Brazil (black) and GRACE
(red); and Bottom, GNSS station in Lusaka, Zambia in the Okavango river basin (black) with GRACE (red).
(Hwang et al., 2016). In contrast to InSAR that uses interferometry between emitted and reflected waveforms,
radar altimetry uses nadir echo of radar pulses to measure two-way travel time delay to estimate surface eleva-
tion changes (Hwang et al., 2016; Kuo et al., 2015). Flat croplands produce altimeter waveforms with a steep
leading edge, similar that of a calm lake surface, which can be retracked to quantify subsidence. Because it does
not require highly temporally correlated ground features like InSAR, altimetry is not as spatially limited and can
provide long-term records of subsidence.
In 2016, Hwang et al. showed successful quantification of long-term subsidence in cropland areas of Califor-
nia, China, and Taiwan, using TOPEX/POSEIDON, JASON-1, ENVISAT, and JASON-2. The three regions
have been extensively studied using extensometers, GNSS, and InSAR, but often such data sets are spatially or
ADAMS ET AL. 11 of 27
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temporally limited. Altimetry was therefore able to complement the existing data sets with wide spatial coverage
and long-term monitoring records. Subsidence rates from altimetry agreed well with rates from other measure-
ment methods, such as precision leveling and GNSS. Current altimetry technologies are capable of resolving
subsidence at a 1-km along-track spatial resolution, at >1 cm/yr vertical scales. In regions where groundwater
availability is known to be the main driver of subsidence, altimetry could serve as a useful tool for groundwater
approximation, especially by utilizing missions with a long repeat period and small cross-track spacing. However,
it is important to note that this approach would be best applied when measuring subsidence on flat terrains, where
vegetation is shorter and has minimal buildings within the footprint.

2.2.4. Lidar

Lidar is another method of detecting land elevation change as a proxy for groundwater extraction. NASA's ICESat
(2003-2006) and ICESat-2 (2018-present) are earth-observing spacecraft with laser altimeters to measure ice
sheet elevation, sea ice thickness, as well as vegetation height, bathymetry, and terrestrial topography (Abdalati
et al., 2010). NASA's ICESat (2003-2006) demonstrated land surface heights with accuracy as good as 2 cm,
with 3 cm vertical precision, over the ideal surfaces of Bolivian salt flats (Fricker et al., 2005). With a 60-m nadir
footprint from a 600 km altitude, ICESat imaged points on a line, not in a push-broom fashion, making its grid
dense along-track but coarse across-track. The successor ICESat-2, launched in 2018, delivers gridded 1-km
maps of land and vegetation height for select target areas. While similar in power and mass to the original ICESat
at 300 W and 300 kg, it has a much higher along-track resolution of 0.7 m. Since both ICESats sample points
along their ground track, rather than sweeping their beams over a field of view, the surface map is synthesized
from multiple overflights of the same area, with slightly varying ground tracks. Satellite lidar measurements
are made from around 100 photons per spot, where a spot is on the order of 40 m in diameter. The lowest-level
ICESat-2 products that include land height are resampled at 100 m intervals along the satellite ground track.

In 2015, a successful application of ICESat in the North China Plain was observed to quantify land subsidence
associated with groundwater depletion measured from GRACE (An, 2015). Contribution of vegetation height
to the ICESat signal was also assessed using Normalized Difference Vegetation Index from NASA's Moderate
Resolution Imaging Spectroradiometer. As such, it is customary for land surface measurements to be used in
conjunction with GRACE data sets to get a holistic picture of groundwater usage and its related aquifer response.

2.3. Airborne Electromagnetic Systems

AEM systems are fast, low-cost methods of surveying large-scale, shallow (1-3 m) to deep (300—400 m) aquifer
systems using the measured response from an active electromagnetic source to estimate the subsurface electrical
conductivity (Paine & Minty, 2005; Siemon et al., 2009). First introduced in the 1950s for mineral exploration
(Baudouin et al., 1967; Collett, 1967), AEM was successfully applied to groundwater investigation in Spikeroog,
Germany in 1981 (Sengpiel & Meiser, 1981), and has increasingly been used for groundwater systems. Due to
its dependence on electrical conductivity, AEM is sensitive to water table elevations, geologic properties of the
aquifer (particularly the interfaces between resistive materials such as bedrock, moderately resistive materials
such as sands, and conductive materials such as clays), and salinity distributions (Abraham & Cannia, 2011;
Dewar & Knight, 2020; Kirsch, 2006; Knight et al., 2018; O’Connell et al., 2020). In particular, saline water
delineations using AEM have been used in various field settings, including coastal regions with saltwater intru-
sion (Fitterman & Deszcz-Pan, 1998; Goebel et al., 2019; Gottschalk et al., 2020), aquifers with salt contamina-
tion (Ball et al., 2020; Cresswell et al., 2004; Siemon et al., 2019; Smith et al., 1992), and regions with produced
water from oil and gas extraction (Paine, 2003). However, for saline, high conductivity systems, measurements
are typically limited to tens of meters (Spies & Woodgate, 2003).

AEM systems operate by generating electric currents through coils (Figure 8). As these currents change, either
by being shut off rapidly or alternated, ground-penetrating magnetic fields are produced, producing eddy currents
in the subsurface. A secondary electromagnetic field, the strength of which is a function of the distribution
of subsurface conductivity, is generated from these eddy currents, and is then detected by the receiver coils
(Palacky, 1993).

There are two different methods for acquiring AEM data: the frequency-domain method and the time-domain
method. Systems with the frequency-domain method generate an alternating current at a limited number of
frequencies (typically ranging from one to six Hz, i.e., Minsley et al., 2021). This current runs continuously
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Figure 8. (a) Airborne Electromagnetic Systems (AEM) (SkyTEM) system acquiring data over the San Joaquin Valley,
California, (b) Simplified schematic of AEM system, idealized magnetic fields shown as dashed lines, and (c) Inverted
resistivity acquired with AEM modified from Knight et al. (2018), water table shown as a dashed line.

during acquisition, and the receiver thus measures the response of secondary electromagnetic fields as well as the
magnetic field from the primary source, which is removed through processing. Frequency-domain measurements
are often used with fixed-wing systems, and thus are well-equipped for surveying large areas. Their depth of
investigation can range from meters to hundreds of meters. The depth of investigation is a function of the current,
as well as the loop size of the transmitter and the frequencies at which the transmitter operates. Lower frequencies
penetrate deeper, and higher frequencies provide more detail in the near-surface depths.

Time-domain systems generate a direct current for the source, which is rapidly shut off before the receiver
starts recording for each sounding location. While this eliminates the need to remove the primary source in
post-processing, it requires complex electronics. After shutting off the primary source, the receiver records the
change in magnetic field with respect to time at discrete time intervals, or gates. Current popular time-domain
electromagnetic systems are mounted from helicopters, so are not able to survey as quickly as fixed-wing
frequency-domain systems. They do, however, have a similar depth of penetration. While the accuracy of
frequency-domain systems in the shallow subsurface is limited by the frequencies selected, the accuracy of
time-domain systems is limited by the shut-off time. Systems that can shut off the transmitter current more
quickly are able to start recording earlier, when most of the electromagnetic signal from the near-surface (upper
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~20 m) is generated. For this reason, many time-domain systems generate two soundings, a high-moment and
low-moment sounding, at each location. The low-moment sounding is run at a lower current, and thus can be
shut off more quickly to extract more information in the near-surface, while the high-moment sounding is run
at a higher current, and while the shut-off time is slower, its signal penetrates deeper and thus it provides more
information at greater depths (typically up to ~300—400 m).

Calibration and error reduction during AEM acquisition must be supported by a robust knowledge of ground
elevation, signal-receiver geometry, transmitted waveforms, filter settings, and amplifier characteristics (Deszcz-
Pan et al., 1998; Green & Lane, 2003). After AEM signals go through standard processing such as corrections for
primary signals, height, geometry, and removal of soundings near noise sources such as power lines, an inversion
process is used to estimate the conductivity of the subsurface from the raw data acquired. The inverted conductiv-
ity is acquired at dense spatial resolutions (typically on the order of 30 m between soundings, and a user-specified
distance between flight lines) and moderate vertical resolutions (with layer thicknesses on the order of meters
near the surface, and on the order of 10s of m at depths of 300-400 m). This data can then be converted to a 3D
model of conductivity. This is often viewed either as cross-sections along line profiles, or as depth slices. Inver-
sion models are present that vary in assumption about geologic layers or variability of conductivities at depth
(Christensen et al., 2017; Siemon et al., 2009; Spies & Woodgate, 2003). Current inversion models for AEM
data typically use a 1-dimensional forward model for computational efficiency, which assumes little variation in
layers horizontally. This is an appropriate assumption for most sedimentary systems, where subsurface layers are
fairly continuous. However, regions with sharp horizontal changes, such as heavily faulted systems, may have
errors introduced from this assumption. Inversion processes are mathematically complex as several combina-
tions of geologic layer thickness and conductivities could produce equivalent electromagnetic responses. Some
inversion procedures account for this with distributions of equally probably subsurface conductivity distributions
(Minsley, 2011). After producing estimates of subsurface conductivity, a lithologic model or in situ borehole
data are used to develop a rock-physics transform that relates conductivity to geologic or hydrogeologic prop-
erties. This can also be used to ground-truth and choose plausible scenarios in the inversion process (Spies &
Woodgate, 2003). Inversion models that relate electric resistivity to hydrostratigraphic information are described
in detail by Christensen et al. (2017).

2.4. Proxy Measurements: Soil Moisture and Evapotranspiration

In the absence of, or in complement to, other means or methods for observing groundwater changes from space,
the assessment of soil moisture, evaporation, or vegetation on the surface can also provide information on ground-
water use (Chen & Hu, 2004; Jackson, 2002; Maxwell et al., 2007), as near-surface groundwater will directly
or indirectly affect vegetation especially in arid, high infiltration (e.g., karstic systems), and irrigated regions
(Hartmann et al., 2020). For instance, in an arid region, where little surface water and precipitation occur, the
presence of agriculture and the associated greenness of vegetation and anomalous soil moisture provide some
evidence for the use of groundwater resources. Because optical remote sensing methods are typically relatively
high spatial resolution, assessment methodologies based on those observations can help to define the small, local
scale activities in terms of groundwater use. However, these methods do not offer a direct measure of groundwater
use, but instead an indirect means of inferring irrigation or agricultural activity that may rely on groundwater.
For example, Landsat-based methods for measuring evapotranspiration could be used to constrain groundwater
consumption in a region where no known surface water supply exists. In regions where water resources come
from a combined portfolio of surface water and groundwater, it would be challenging to derive conclusive anal-
ysis from this approach alone.

In order to infer evapotranspiration and soil moisture from space, several techniques have been developed using
visible, near-infrared, and thermal bands of Landsat and Sentinel-2. These techniques typically compare an irri-
gated agricultural region with an adjacent nonirrigated region to derive a change in latent heating (i.e., local
cooling due to the enhanced presence of moisture) and thereby make an inference on the amount of water being
evapotranspired into the atmosphere. In well-studied regions, where little known surface water is available, it
would be possible to infer groundwater usage by assuming that the supply of water for evapotranspiration (ET)
originates from groundwater sources. Typically, optical technologies like Landsat offer a spatial footprint of
30 m resolution, and fairly frequent sampling in time (8—15 days). The accuracy of the approaches for measuring
ET depends upon the terrain, the vegetation type, the range of ET magnitude, and other confounding factors,
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including the existence of a reference region to derive an ambient Bowen ratio (the ratio of latent to sensible heat
flux). To further extend this approach for inference on groundwater, it would require an advanced knowledge of
vegetation type and their respective ET indices, as well as a complete portfolio and proper accounting of all water
sources.

Future satellite missions following the existing NASA Soil Moisture Active Passive Mission (Entekhabi
et al., 2010) could provide higher resolution and longer wavelength (i.e., deeper) soil moisture observations.
Current exploratory techniques using different orbits and repeat periods may offer higher sampling frequencies
and resolutions closer to 3—5 km using active radar. Also, the utilization of different frequencies in the electro-
magnetic spectrum (e.g., P-band, 70 cm wavelength) could allow for detection of deeper signals, such as water
tables several meters beneath the surface, provided the surface is dry. Also, future missions following NASA's
ECOSTRESS instrument aboard the International Space Station may offer sustained evapotranspiration estima-
tion with a sampling frequency that allows for the resolution of a diurnal cycle (i.e., two measurements daily) to
better quantify the plant response to diurnal solar forcing.

3. Future Advances and Potential Directions

Here, we present future directions of the discussed methods. We focus on the three major techniques for ground-
water detection: gravity measurements, InSAR, and GNSS. Figure 9 presents the spatial and temporal scales of
groundwater variability and the various observational approaches. While remote sensing methods are capable
of capturing groundwater dynamics on much greater spatial scales than in situ or point-based methods, distinct
spatial and temporal gaps between various observational approaches still exist. Advances in other methods such
as radar altimetry, lidar, and soil moisture, while not discussed, would complement other data sets to generate a
coherent picture of the aquifer in question. Further, numerical groundwater models or data assimilation platforms
would further serve as a valuable tool in integrating the observations to the appropriate spatiotemporal scale
according to the research question.

3.1. Gravity-Based Missions

The nominal mission lifetime of GRACE-FO is 5 years, although in principle the mission could last longer
depending on solar activity, as well as the overall health of the spacecraft instrumentation and subsystems.
Further, the 2017 National Academy of Sciences Earth Sciences and Applications from Space Decadal Survey
recommended a future mission, called Mass Change, which further advances measures of mass change within
the Earth system. This points to a third mission after GRACE-FO to further continue this valuable time series
of measurements. Both GRACE and GRACE-FO represent successful partnerships with the German Aerospace
Center and the German Research Center for Geosciences from Germany. It is therefore likely the next mission
beyond GRACE-FO will additionally leverage international partnerships. A comprehensive study of poten-
tial observing system architectures for this mission was recently concluded as part of NASA's implementation
program for Mass Change (Wiese et al., 2022).

Previous studies have shown that changing the observing geometry compared to GRACE or GRACE-FO can
drastically reduce the magnitude of the stripes in the gravity solution described above, and future missions could
employ these improvements. Different satellite formations that sample in multiple directions, such as a “cart-
wheel formation” and “pendulum formation” (Elsaka et al., 2014; Wiese et al., 2009) have been proposed, and
have been shown to significantly suppress the stripes, producing error patterns that are more isotropic. Further,
it has been shown that two pairs of satellites (one polar pair and one lower inclined pair) have the distinct advan-
tage of both improving the sampling geometry to get rid of stripes, while also reducing temporal aliasing errors
by sampling more frequently. This can result in significant improvements in the spatial resolution and accuracy
of the derived gravity fields (Wiese, Visser, & Nerem, 2011; Wiese, Visser, & Han, 2011; Wiese et al., 2012).
Elsaka et al. (2014) highlights some candidate mission architectures that have been studied in the past.

A major weakness of observing groundwater using satellite gravimetry of any architecture/measurement system
discussed above is the relatively coarse spatial resolution of the terrestrial water storage anomaly estimates. As
the orbital height of the satellites will always fundamentally limit the spatial resolution to ~100 km length scales
(for inter-satellite ranging missions at altitudes above ~450 km), this constraint on the data is challenging to
overcome. The primary hindrance improving both the spatial and the temporal resolution of time variable gravity
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Figure 9. Spatial and temporal scales of groundwater variability and where the various observational approaches sample. Current monitoring capabilities (solid lines)
and potential future capabilities (dashed lines) are indicated. Different methods and technologies can be integrated to synthesize a holistic groundwater measurement

depending on the target research question.

products is the limited space-time sampling. Mass changes in the oceans and atmosphere occur on temporal
scales that are too short for along-track observations of a single, polar orbiting satellite pair at ~500 km altitude
to adequately observe, which introduces error into the gravity field solutions. Fortunately, groundwater typically
changes over longer timescales, so that monthly data are sufficient for most applications.

Of the estimated hundreds of groundwater aquifers around the world, only GRACE was successfully able to
observe approximately the largest 33 (Richey et al., 2015), and offered little information on the redistribution or
consumption of water within the aquifers. The number of observable aquifers could be increased by implementing
advanced observing techniques, some of which are mentioned above. Another method for addressing the coarse
resolution is to combine GRACE and other observation-based data using a data assimilation approach within
a land-surface model that represents groundwater explicitly (e.g., Zaitchik et al., 2008; see Section 3.5). Other
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possibilities include combining GRACE data with some of the other techniques presented in this report, such as
InSAR and in situ GNSS networks.

Advances in improving the temporal resolution of mass change observations requires increasing the temporal
sampling via additional observations. The simplest observing system architecture to accomplish this consists
of two in-line pairs of satellites, as already discussed. A constellation of small satellite pairs is additionally
an appealing concept to improve the temporal sampling. Multiple pairs of satellites optimally distributed in
multiple orbital planes has the potential to improve both spatial and temporal resolution of mass change fields
quite substantially. However, employing the satellite-satellite tracking architecture on small satellites poses many
engineering challenges in terms of required thermal and structural stability (Kornfeld et al., 2019) that still need
to be understood.

Another engineering design solution to increase the spatial resolution of mass change fields is to fly the satellites
in lower altitudes, thus increasing their sensitivity to short wavelength mass variations. Such a design requires
some form of active drag compensation system to extend the mission lifetime to a reasonable amount. The Gravity
Field and Steady-State Ocean Circulation Explorer mission utilized such technology (Floberghagen et al., 2011).

3.2. InSAR

International space agencies are investing heavily in SAR missions, making SAR a promising future method of
detecting groundwater changes. The ESA has committed to the multi-decade operational Copernicus program,
which comprises a minimum of two Sentinel-1 C-band SAR systems, co-flying in the same 12-day exact repeat
orbit separated by 6 days. This provides land coverage at a spatial and temporal sampling density that is opera-
tionally useful for surface subsidence and uplift measurements where interferometry is possible.

The NASA-ISRO SAR (NISAR) mission will launch in the coming years and will provide global sampling every
12 days at L-band (https://nisar.jpl.nasa.gov/files/nisar/NISAR_Science_Users_Handbook1.pdf). The mission
is designed for a minimum of 5 years, with optimal surface correlation properties, and is planned to satisfy
sampling needs for groundwater-related subsidence measurements. Taken together with Sentinel-1, the temporal
sampling can be increased further. Because groundwater changes are slow, the increased temporal sampling
can help reduce errors by stacking the data from the individual satellites (Note: Sentinel and NISAR cannot be
stacked together), or in model inversion. These two systems have dense spatial and temporal coverage, and the
data are (for Sentinel-1) or will be (for NISAR) freely and openly available in the NASA SAR archives at the
Alaska Satellite Facility. Together, they provide an operational data set for the groundwater application that is
sufficient for most purposes.

The commercial SAR market is also actively growing. Many start-up companies are designing and building
small SAR constellations to feed commercial remote sensing monitoring needs. Generally, the target customers
require fast revisit (1 day or less) and fine resolution. As a result, most of the commercial SAR satellites have
fine resolution, narrow swaths (~20 km), limited on-orbit duty cycles, and operate in bands (such as X-band)
that have sufficient bandwidth to support fine resolution. As such, they are not optimally configured to map wide
areas with a consistent interferometric sampling strategy to develop dense stacks of data for tracking deformation.
As the typical region of interest for studying aquifers is of order 100 x 200 km, commercial SAR tends to have
swaths that are too narrow. New small-SAT SAR solutions arising in the commercial sector would be expected to
have even narrower swaths, requiring a greater number of satellites for a sufficient sampling strategy for aquifers.
Nonetheless, apart from spatial scale challenges, the intrinsic resolutions and accuracies of civil and commercial
SAR systems are adequate for all measurements needed for assessing changes in the aquifer over time.

3.3. GNSS

Generally, GNSS networks are densifying over time. For many regions of the world such as the United States,
Europe, and Japan, networks are dense enough to view the earth as being globally imaged by GNSS, as in
Figure 10 derived from a GNSS Mega-network (Hammond et al., 2021). Advances in GNSS receiver technolo-
gies also carry important implications for the future. Geodetic-quality receivers are increasingly cost effective,
compact, and power friendly: some roughly the size of a credit card and drawing 1 W or less of power (such as the
AsteRx-m3 Pro, EMEA, Belgium). The cost and size of individual parts, such as receivers, antennas, and solar
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Figure 10. (After Hammond et al., 2021). Variability of nonseasonal vertical land motion based on the global Global Navigational Satellite System (GNSS)
mega-network. Big interannual variations in vertical displacement in the Amazon River basin may reflect solid Earth's elastic response to water loss during periods of
drought (or low precipitation) and water gain during years of heavy precipitation.

panels, are increasingly becoming compact, which allows for ease of strategic deployment. With this continued
growth of the global GNSS network, groundwater monitoring and its associated surface responses (elastic/inelas-
tic subsidence, tectonic uplift from unburdening) using GNSS will become more robust.

3.4. Integration of Different Remote Sensing Data Sets

The techniques presented above vary in spatial and temporal scales, making the individual techniques only suit-
able for a certain range of spatiotemporal assessments. Combining various remote sensing approaches therefore
greatly enhances the applicability of the presented techniques. In particular, synthesizing surface deformation
data sets with other approaches provides a means to understand geologic response associated with groundwater
changes and allows for better uncertainty quantification.

California's Central Valley, briefly discussed in previous sections, is a stellar example of how combining
various remote sensing approaches provide a holistic picture of regional hydrology and geology. GRACE
(and GRACE-FO thereafter) have measured a steady decline of groundwater levels in California (Famiglietti
et al., 2011; Scanlon et al., 2012). There has also been continued subsidence recorded within the Central Valley,
from InSAR and continuous GNSS measurements (Amos et al., 2014; Faunt et al., 2016; Poland et al., 1975;
Sneed & Brandt, 2015). While gravity and surface-deformation approaches have been, respectively, validated
against well data and extensometers, the large spatial scale of GRACE/GRACE-FO products and the complex
geologic heterogeneity driving a nonlinear surface response pose limits in the standalone use of individual tech-
niques. Recent efforts by Liu et al. (2019) and Vasco et al. (2022) closed this gap by correlating GRACE-measured
basin-scale groundwater depletion trends to subsidence patterns from Sentinel-1. Kim et al. (2021) compared
groundwater depletion and subsidence trends at a sub-basin scale for the first time using 12.5-km resolution
downscaled-GRACE/GRACE-FO (see following section), well data, Sentinel-1, and GNSS. This displayed the
differences in magnitude and temporal lag between groundwater depletion and recorded subsidence by different
sub-basins. Recent water balance approach by Ahamed et al. (2022) displayed that integration of various remote
sensing data can successfully estimate and monitor groundwater storage changes across spatial scales finer than
GRACE. Such efforts to integrate various remote sensing data set. allow us to understand the dynamic spatiotem-
poral relationship between groundwater storage and elastic/inelastic geologic response.
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3.5. Numerical Modeling

Numerical models can be an important tool for relating remotely sensed observations to groundwater prop-
erties or conditions of interest (Kumar et al., 2006; Rodell et al., 2004). For example, InSAR and GNSS data
sets provide estimates of surface deformation, which is primarily a function of pore pressure change in clays.
While this is related to groundwater flow in aquifers, the relationship is complex and nonlinear, particularly
during inelastic deformation. For this reason, relating deformation measurements to groundwater systems empir-
ically is often not feasible. In these cases, modeling the physical mechanisms for deformation can provide addi-
tional information about aquifer system response to groundwater withdrawals or recharge. Similarly, GRACE
data provide an estimate of total water storage change, but typically require a robust model to be disaggregated
into groundwater, soil moisture, snow water equivalent, and surface water components or to be downscaled to
finer resolutions. Models that are capable of integrating multiple remote sensing data sets, as well as in situ data,
at scales that are relevant to water management, are thus critical for advancing our ability to use remotely sensed
data for groundwater evaluation.

To first order, models provide estimates of the variable of interest, using known physics, which can be valuable
for testing hypotheses or scenarios in which observations are inadequate or impossible. At best, models provide
a framework to fill measurement gaps and can be used in conjunction with observations to achieve better results
in terms of sampling, resolution, or accuracy. Numerical groundwater storage and flow simulations exist over a
variety of domains and resolutions, and for a variety of purposes. As a model is always a discretized and idealized
representation of reality, decisions regarding the realism and complexity of simulated hydrogeological processes
depends on the application and the available computer resources. For instance, model physics that would be
employed to understand lateral groundwater flow through porous media at meter-scale resolution would differ
significantly from those that would be employed to represent gross groundwater storage changes at regional to
continental scales (100-1,000 km resolution).

Existing groundwater models can represent soil physics at local scales relevant to water management using, for
example, the Richards equation to describe pressure driven lateral and vertical flow through a variably saturated
soil column. These models require high-resolution discretization (<1 km) in order for the physics to be appro-
priate. Because those models are typically operated over smaller domains, they are typically less relevant to
large scale observations (such as those from space-borne gravity or GNSS networks), and more appropriate for
local-scale observations such as in situ well observations and InSAR. Therefore, in situ data such as wells and
hydrogeologic parameters are often used in the calibration of groundwater models. For instance, the ParFlow
model (Kollet & Maxwell, 2006), applies Richards' equation for variably saturated 3D subsurface flow and shal-
low water equations for surface flow. This is a modular, coupled land model that represents the full energy
budget, vegetative and snow processes and applies robust nonlinear solvers and efficient multigrid linear solvers
allowing parallel implementation using multiple approaches and architectures. This makes the model applicable
to a wide range of hydrology problems and basins, from small catchments to continent scales if sufficient compu-
tational resources are available (e.g., Maxwell et al., 2015). ParFlow is advantageous for integrating surface and
groundwater models, but does not have the ability to simulate surface deformation, limiting its applicability to
integrating InSAR or GNSS data sets.

MODFLOW from the U.S. Geological Survey is a finite-difference flow model that is also suited for small- to
regional-scale aquifers. The code has been modified to fit various cases, such as SEAWAT for variable-density
flow, and MODFLOW-OHWM for conjunctive use of surface water and groundwater. FEFLOW, SUTRA, and
HydroGeoSphere are different types of well-used groundwater models. A current frontier in groundwater mode-
ling research is to apply very high-resolution models to a large study domain, such as the continental United
States, though these simulations can suffer from a lack of relevant groundwater observations for calibration/
validation.

For larger-scale models (i.e., grid resolutions 12.5 km or coarser), groundwater representations are more empiri-
cal, representing the subsurface water storage using a bucket model, or a series of buckets. These models do not
represent lateral subsurface flows, but treat each model grid cell as a separate 1-dimensional control volume with
no lateral communication. Such models are typically sufficient for coupling to atmospheric models in global
climate simulations or for representing regional-scale hydrology. For large-scale hydrology and land-surface
models, data assimilation can be a useful means to perform parameter calibration or state estimation. An example
of a successful model implementation using the GRACE data has been in the numerical assimilation of monthly
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GRACE observations into a 12.5 km land-surface model (the Catchment Land Surface Model), in pursuit of
higher spatial and temporal resolution information on terrestrial water storage and its components (Girotto
et al., 2017; Houborg et al., 2012; Kumar et al., 2016; Li et al., 2019; Zaitchik et al., 2008). The model disaggre-
gates the lumped terrestrial water storage variable into canopy water, snow water, surface soil moisture, root zone
soil moisture, and shallow groundwater. The disaggregation and downscaling allow for a better understanding of
water storage evolution in time and space. The results are used as an input to the U.S. Drought Monitor (Houborg
et al., 2012) and also show promise in contributing to flood forecasting (Reager et al., 2015).

As high-performance computing allows for faster processing and parallelization of discretized physical models,
the ability to harness that computing power for numerical model simulations will grow in response. It will then
be possible to include more explicit physical representations of subsurface processes in model studies over larger
domains. These physics should provide a more complete picture of groundwater variations and flows for a study
region and better context for both in situ and remotely sensed observations. Fully coupled Earth system models
have gained recent attention as research has revealed interdependencies between water and energy processes in
the subsurface, on the land surface, and in the lower atmosphere. For example, PE.WRF (Maxwell et al., 2011)
couples the Weather Research and Forecasting atmospheric model with a parallel hydrology model (ParFlow)
that fully integrates three-dimensional, variably saturated subsurface flow with overland flow.

Surface deformation measurements provide valuable hydrologic information, but are challenging to relate to
aquifer system dynamics due to the nonlinear relationship between groundwater levels and deformation. The
mechanism for deformation is well-studied, and can be simulated as a function of aquifer water levels. Models
relating deformation to water levels have been implemented with extensometer, GNSS and InSAR data (Alghamdi
et al., 2020; Helm, 1975; Hoffmann et al., 2003; Smith & Li, 2021). In addition, most MODFLOW-based codes
have a built-in subsidence package (SUB) that simulates elastic and inelastic deformation, as well as the resulting
flux from fine-grained layers into aquifer systems that occurs (Hoffmann et al., 2003). There are also a number of
poro-elastic models that consider 3D deformation of aquifer systems (Boni et al., 2020), although these typically
do not consider inelastic deformation.

While some models exist to simulate deformation, the vast majority of groundwater models, and virtually all
coupled groundwater-surface water models, do not have the ability to simulate deformation. This is significant,
because in confined aquifers, deformation represents a substantial flux from fine-grained layers into the princi-
pal aquifer system (Faunt et al., 2009), and could introduce model bias if unaccounted for. The combination of
hydrological models with deformation models will likely be explored in the next decade, so that measurements of
hydrological change (from GRACE, well observations, etc.) and surface deformation (from InSAR or GNSS) can
be directly ingested into the same numerical framework. Such simultaneous ingestion of multiple independent
data sources could offer more comprehensive insights on the multi-disciplinary processes involved in groundwa-
ter change, for example, enabling the spatial downscaling of satellite gravimetry-based water storage information
using high resolution InSAR observations of land surface subsidence and elastic rebound.

4. Summary and Conclusions

Groundwater is a critical resource, and its importance will only continue to increase with climate change and
population growth. Water is the major pathway in which global residents will experience climate change—
through extreme climate events (droughts and floods), decreased supply, and increased water quality issues (e.g.,
rising salinities, arsenic release from pumping, and pathogen increase from heat). As surface water becomes
more erratically available, groundwater will be a key resource to understand and manage to ensure global water
security. Freshwater is heterogeneously distributed around Earth and the interactions between different water
storage areas (surface water, atmospheric water, groundwater, glaciers, etc.) are complex. Therefore, it is impor-
tant to consider groundwater as a unique entity in quantification and management, rather than as part of a lump
sum water budget (Gleeson et al., 2020). Many of the United Nation's Sustainable Development Goals (e.g., zero
hunger, good health and well-being, clean water and sanitation, climate action, and life below water and on land)
directly or indirectly involve groundwater, highlighting groundwater as a cross-cutting resource crucial to future
challenges (e.g., 21st Century Grand Challenges as presented by the National Councils; NASEM, 2019).

While well-managed in situ observation networks with dense spatiotemporal sampling are superior to the
coarse-resolution measurements provided by remote sensing, such networks can be cost-prohibitive, labor
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intensive to maintain, and are increasingly difficult to find around the world (Stokstad, 1999). Conflicting politi-
cal interests around international water bodies may also render in situ data difficult to obtain. Within this context,
recent advances in remote sensing provide a means to monitor groundwater and related geophysical changes at
spatial scales otherwise unattainable with in situ methods (Famiglietti et al., 2015). These advances also ease
data distribution, inviting a range of users to utilize the data according to their needs. This is being augmented by
open, community-based coding programs such as Python or Google Earth Engine that allow users to share codes
to manipulate data sets.

Several remote sensing, space-based techniques have been presented in this review. Although groundwater storage
change can be monitored with gravity- and deformation-based measurements, each have limitations. The primary
limitation of gravity-based measurements is resolution, while the primary limitation of deformation-based
measurements is the lower sensitivity in unconfined aquifers, though they are often the first source of extracted
groundwater resources. Methods to address these limitations could greatly advance the ability of remote sensing
to estimate groundwater storage change at a resolution that is applicable for water management in management
districts, which often are smaller in area than the resolution of gravity-based measurements.

In arid regions with minimal surface water, soil moisture, and evapotranspiration can be used to infer groundwater
usage, assuming groundwater is the sole or major water source. AEM systems are capable of mapping availa-
ble groundwater, aquifer heterogeneity, and the presence of fresh and saline groundwater. Individual methods
have varying spatial, temporal, and technological limits, which make them appropriate for different regions and
research goals. In this light, numerical models can serve as a valuable tool to integrate the various data sets and
simulate groundwater processes, and the continued development of models that can integrate multiple remote
sensing data sets is an area of great promise for improved groundwater resource evaluation. In certain cases, such
as groundwater quality, where close contact with the porewater or aquifer medium is required, strategic deploy-
ment of in situ data may outweigh the benefits of remote sensing. In cases where continuity of data is critical, the
gaps in remote sensing data due to mission termination or technological shifts may adversely impact outcomes.
Nonetheless, remote sensing methods provide “big picture” assessments of groundwater globally, and lead the
technological vanguard toward groundwater sustainability. Future advances in remote sensing, in addition to
better data assimilation methods, will greatly enhance our ability to monitor and quantify global groundwater
resources in the long-term.

Data Availability Statement
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