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1.  Introduction
Groundwater plays a critical role in the global hydrologic cycle, yet it is the only component of the Earth hydro-
logic system for which we lack a physically rigorous global modeling framework. While it is true that no global 
groundwater circulation exists comparable to global atmospheric circulations; groundwater is by far the largest 
liquid freshwater storage in the hydrologic cycle, and groundwater flow redistributes water over large spatial 
scales (up to continental scales) and long time periods (commonly days to hundreds of years). Groundwater 
must be accounted for within our modeling frameworks to fully understand the dynamics of global hydrology. 
Transient global groundwater modeling is needed to obtain spatially and temporally continuous and consistent 
information on this critical resource for human well-being given changing global conditions.

This is not a new argument, in fact the need for better global groundwater representations has already been 
well acknowledged in the hydrologic literature (Bierkens et al., 2015; Clark et al., 2015; Gleeson et al., 2021; 
Lall et al., 2020; Sood & Smakhtin, 2015). In recent years there has been a push to incorporate groundwater 
representations into existing global land surface and earth systems models as well as significant progress in con-
tinental to global scale groundwater modeling analyses and evaluation (e.g., de Graaf et al., 2017, 2015; Gleeson 
et al., 2021; Kollet et al., 2018; Maxwell et al., 2015).

Abstract  Groundwater is by far the largest unfrozen freshwater resource on the planet. It plays a critical 
role as the bottom of the hydrologic cycle, redistributing water in the subsurface and supporting plants and 
surface water bodies. However, groundwater has historically been excluded or greatly simplified in global 
models. In recent years, there has been an international push to develop global scale groundwater modeling 
and analysis. This progress has provided some critical first steps. Still, much additional work will be needed to 
achieve a consistent global groundwater framework that interacts seamlessly with observational datasets and 
other earth system and global circulation models. Here we outline a vision for a global groundwater platform 
for groundwater monitoring and prediction and identify the key technological and data challenges that are 
currently limiting progress. Any global platform of this type must be interdisciplinary and cannot be achieved 
by the groundwater modeling community in isolation. Therefore, we also provide a high-level overview of 
the groundwater system, approaches to groundwater modeling and the current state of global groundwater 
representations, such that readers of all backgrounds can engage in this challenge.

Plain Language Summary  Groundwater is an important part of the water cycle but we are still 
working on the best ways to include it in global models. This study provides an overview of the state of the 
science for groundwater modeling and outlines a road map for what is needed to improve global groundwater 
models.
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Key Points:
•	 �A global groundwater framework is 

needed to address critical gaps in our 
understanding and predictive capacity 
of the hydrologic cycle

•	 �We envision a framework that will 
combine observations and models 
to provide spatially and temporally 
continuous groundwater information

•	 �The proposed framework could 
improve predictability in existing 
models and provide valuable new 
information for water management
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However, as the number and variety of approaches for large scale groundwater representation rapidly grow, we 
see a critical need for community engagement and interdisciplinary collaboration on best practices. Currently 
we see a gap between the tools and frameworks being developed by hydrogeologists, often at local to regional 
scales, and global scale applications. This paper is intended to help bridge the gaps across the diverse modeling 
community. We have three primary goals (a) to outline a path forward for a unified Global Groundwater Platform 
(GGP), where “platform” includes not only modeling technologies and tools, but also the data and monitoring 
efforts needed to build and validate the models, (b) to illustrate how the hydrogeologic community can and should 
contribute to this platform and (c) to provide some guidance on the complexity and key technical considerations 
for large scale groundwater simulation relevant to the land surface and atmospheric modeling communities who 
are working on adding groundwater to their systems.

The manuscript is structured as follows. First, we provide an overview of the role of groundwater in the Earth 
system and the major outstanding scientific questions that motivate the need for this platform (Section 2). Next, 
we present a vision for what a community driven Global Groundwater Platform could look like (Section 3). We 
then identify critical gaps and needs to achieve this vision (Section 4) and highlight the current state of modeling 
and datasets that we can build from (Section 5). Finally, we close with a suggested path forward and critical 
next steps that we should address as a community (Section 6). We also acknowledge that the global modeling 
community comes from diverse backgrounds and may have varying degrees of familiarity with the groundwater 
system. Therefore, we provide three appendices with background information relevant for global modeling on: 
groundwater processes (Appendix A in Supporting  Information  S1), hydrogeology (Appendix B in Support-
ing Information S1) and groundwater modeling (Appendix C in Supporting Information S1). These appendices 
also provide foundational information supporting our descriptions of the essential elements or phenomena that 
need to be included in global groundwater models and metrics that can be used to determine if the global ground-
water models are sufficiently reliable.

2.  The Role of Groundwater in the Earth System
Groundwater's connection to land surface processes and surface water bodies is multi-scale, creating patterns 
that connect small headwater catchments' recharge zones with continental aquifers and basins. These connections 
maintain flows along river corridors and to wetlands during droughts, ultimately resulting in continental stream-
flow and shelf discharge into the oceans. These interactions across spatial scales close the hydrologic cycle from 
the continent to the oceans in a dynamic equilibrium (Wörman et al., 2007). Groundwater abstraction is also a 
critical component of the human water budget. Groundwater makes up 35% of all freshwater withdrawals glob-
ally (Döll et al., 2012). This groundwater abstraction and subsequent usage, results in large-scale redistribution 
of freshwater resources that is critical to the dynamics of both human and natural systems as well as the ultimate 
sustainability of our combined systems (Gleeson et al., 2020).

Still, current estimates of groundwater storage and fluxes are highly uncertain due to data scarcity and model un-
certainty, and have been continuously revised over the past decades (Abbott et al., 2019). For example, estimates 
of the global volume of fresh groundwater storage vary broadly from 1 to 60 million km3 (Gleeson et al., 2016; 
Richey et al., 2015). The effects of climate change on groundwater processes, including potential changes in 
groundwater recharge and discharge over large spatial and temporal scales, are also uncertain; this fundamentally 
undermines attempts to determine effective strategies for integrated water resources management that can satisfy 
demands of human ecosystems.

Although groundwater is often treated as a simple storage term in global analyses, it is not an isolated reservoir. 
As illustrated in Figure 1, dynamic interactions between groundwater, surface water and land surface processes 
provide an additional control on earth system dynamics and are critical to accurate simulations and ultimately 
more accurate predictions. For example, Miguez-Macho and Fan  (2012) studied the potential contribution of 
groundwater to evapotranspiration in the Amazon Basin. They demonstrated that the local interactions that drive 
subsurface flow may result in non-local effects via groundwater recharge, cross-watershed flow, and continental 
drainage and discharge by continental scale stream networks. Additionally, the hydraulic connections between 
shallow and deep fresh groundwater systems, and the fact that most of the worlds groundwater pumping comes 
from deep confined or semi-confined aquifer systems, means that global groundwater models need to represent 
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deeper groundwater systems that influence not only the water table and land surface processes, but also the avail-
ability of groundwater for extraction by wells.

As the slowest flowing component of the terrestrial hydrologic cycle, groundwater often acts to buffer variability 
in both the water and energy cycles. Also, due to its inertia, it can be a potential source of increased predictability 
(Sutanto et al., 2020). Extremes such as droughts can be buffered by groundwater-surface water exchanges that 
provide relatively stable flow to rivers during low flow periods, and allow roots to take up water from the ground-
water store (e.g., Marchionni et al., 2020). Similarly, fluctuations in groundwater depth have been shown to play 
an important role in the potential switching of groundwater-dominated ecosystems from carbon sinks to carbon 
sources due to groundwater abstractions and natural and anthropogenic climate changes (Genereux et al., 2013; 
Ma et al., 2014). Studies have already demonstrated the role of soil moisture (Koster et al., 2010, 2011) and more 
recently of vegetation states (Koster & Walker, 2015) in improved predictive skills of atmospheric processes at 
sub-seasonal-to-seasonal time scale. Accurate representation of anomalies in shallow groundwater, and their con-
nections to soil moisture and evapotranspiration dynamics could further improve forecast performance at these 
time scales and longer (i.e., decadal) (Bierkens & van Beek, 2009). This is especially important for assessment 
of long-term impacts of global change (Erler et al., 2019; Ferguson & Maxwell, 2010; Goderniaux et al., 2009; 
Markovich et al., 2016; Maxwell & Kollet, 2008; Stoll et al., 2011; Sulis et al., 2012; Tague et al., 2008; Taylor 
et al., 2013).

Quantifying the temporal dynamics of groundwater systems across spatial and temporal scales is an active re-
search area. Connections from the atmosphere to groundwater are well established; put simply, precipitation 

Figure 1.  Illustration of the role of Groundwater in the hydrologic cycle.
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drives water infiltration, ambient atmospheric conditions drive evaporative demand and plant water usage, and re-
charge is the net effect of these exchanges. Many studies have demonstrated periodic oscillations of groundwater 
levels in response to climate indices at the continental scale (Perez-Valdivia et al., 2012; Rust et al., 2018, 2019). 
It is well established that watersheds and aquifers can act as low-pass filters dampening and attenuating climatic 
signals as the propagate through hydrologic systems (Duffy & Gelhar, 1985; Dwivedi et al., 2020; Eltahir & 
Yeh, 1999; Zhang & Schilling, 2004). There has been some work using the concept of groundwater response 
times to provide rough analytical estimates of the timescales of groundwater response to systematic changes 
at the global scale (Cuthbert, Gleeson, et al., 2019). Still, the temporal lags in groundwater response to climate 
variability caused by the slow processes of percolation through the soil-aquifer system remain uncertain at con-
tinental scales.

Furthermore, the influence of groundwater on land surface and atmospheric processes and two-way feedbacks 
remain poorly understood. The effect of soil moisture on precipitation has already been elucidated through the de-
lineation of hot-spot regions (Koster et al., 2004; among many others). Two-way feedbacks between groundwater 
depth, soil moisture and evapotranspiration are also well established up to the continental scale (e.g., Christof-
fersen et al., 2014; Fan & Miguez-Macho, 2010; Pokhrel et al., 2013; Staal et al., 2018). Recently, Furusho-Percot 
et al. (2019) presented the first groundwater-to-atmosphere climatology in an evaluation simulation over Europe. 
Still, the causal mechanisms, and inherent timescales explaining whether and under which conditions ground-
water helps to drive or merely responds to atmospheric variability is missing, and a theoretical framework has 
yet to be established (Anyah et al., 2008; Li et al., 2019; McGregor, 2017). Likewise, establishing the two-way 
feedbacks between global groundwater states and natural modes of variability (e.g., ENSO and MJO), which are 
dominant sources of predictability at the subseasonal-to-seasonal time scale, appears less straightforward and 
hinges on adequate observational datasets, which are currently unavailable.

There has been significant progress in continental to global scale groundwater modeling and analyses in recent 
years. However, much work remains to be done and the following basic questions remain unanswered:

1.	 �How will future groundwater availability for humans and ecosystems change in response to climate change 
and anthropogenic influences?

2.	 �How do the slow processes of groundwater recharge and lateral groundwater flow influence spatial patterns 
and temporal lags in groundwater response to change?

3.	 �How much water is recharged to shallow and deep groundwater storage and what is its spatial distribution 
globally?

4.	 �How much does groundwater contribute to evapotranspiration and streamflow under natural and human-in-
fluenced conditions?

5.	 �What is the impact of groundwater on global atmospheric circulation and can we better quantify the chain of 
processes that control this interaction?

6.	 �Are there teleconnections in groundwater timeseries in addition to natural modes of atmospheric variability 
related to for example, ENSO, NAO, PDO and AMO?

7.	 �What role does groundwater storage play in the overall hydrologic responses to global change in both natural 
and managed systems?

3.  Vision for a Global Groundwater Platform for Monitoring and Prediction
To address these questions, a Global Groundwater Platform (GGP) is needed to simulate groundwater process-
es in a scientifically rigorous and reproducible way, and to integrate groundwater observations in a consistent 
framework. This requires global tools that can simulate interactions from the water table, across the vadose zone 
and land surface, through the atmospheric boundary layer, all the way to large-scale atmospheric processes re-
sponsible for regional-scale precipitation regimes. These interactions need to be unraveled in light of transient 
climate scenarios, accounting for the role of emerging human-induced groundwater depletion, and considering 
the frequency, duration, propagation, and intensity of extreme events such as floods, heatwaves and droughts. 
Additionally, any platform must include the characterization and quantification of model structural and observa-
tional uncertainties. This constitutes a grand technical and scientific challenge. Also, it is clear, considering the 
current rate of global change and great uncertainty we are facing over the time scale of a generation (∼25 years), 
that this challenge needs to be tackled now.
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The ultimate goal of a GGP is to identify and predict continental to global scale patterns and trends in groundwa-
ter storage and divergences due to natural variability and global change (including climate change and anthropo-
genic groundwater interventions). We envision a platform that will combine observations and models to provide 
spatially and temporally continuous and consistent groundwater system information. This platform should consist 
of a monitoring component, focused on historical analysis and the present state of the system, as well as a pre-
diction component for generating short and long-term projections and scenario analysis. Both the monitoring and 
prediction systems can be applied for water management and decision making as well as scientific analysis to 
answer the questions listed above and improve process understanding. The envisioned platform would encompass 
major technologies that do exist within other communities but have yet to be taken up fully in the hydrogeologic 
community in a consistent framework at continental to global scale.

As illustrated in Figure  2, the envisioned platform consists of several components: (a) global hydrogeologic 
model; (b) in situ observation networks and remote sensing; (c) groundwater flow model (or models); (d) high 
performance data storage and data base management system; (e) data assimilation and inversion technologies; (f) 
cyberinfrastructure including telecommunication systems and web services for user interaction to perform pre- 
and postprocessing, visualization and analyses. All components (source code and data) must be open, accessible, 
sharable, modifiable. In the following we provide a brief non-exhaustive overview of the different components, 
with an ensuing description of the two primary modes of operation for the platform: monitoring and prediction.

•	 �The hydrogeologic model comprises the parameterization of the global hydrogeology in terms of aquifer 
structures and types as well as hydraulic parameters such as porosity, permeability, to be used in the (numer-
ical) groundwater flow model. The hydrogeologic model will be based on well-defined metadata standards 
that are consistent with existing approaches and the flow model. More importantly it will also allow ingestion 
of regional and local data from existing well-established groundwater flow models that are available for many 
groundwater systems.

•	 �The observation networks will pull together observations from in situ sensor networks directly measuring 
groundwater levels, including the water table, and remote sensing, such as the GRACE-FO satellite mission 
as well as surface water and land surface observations.

•	 �The groundwater flow model is the numerical platform to simulate hydrologic fluxes in the subsurface. This 
platform may accommodate simulation of the entire terrestrial hydrologic cycle using integrated or coupled 
modeling approaches. However, here we focus on the groundwater simulation portions of the model. The flow 
model will include initial conditions and boundary conditions representing external groundwater fluxes with 
all the complexity that is possible today. The physical representation and parameterization of the subsurface 
will be based on the hydrogeologic model and might include multiple realizations to account for parameter 
uncertainties.

Figure 2.  Schematic of the Global Groundwater Platform (GGP). The top portion of the figure is an illustration of what multiscale groundwater simulations might look 
like starting from the global and working to the local scale. The primary required components of the platform are shown in the bottom portion of the figure.
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•	 �The data assimilation and inversion tools include formalized ensemble methods to merge the numerical 
flow model with observations resulting in a correction of the hydrogeologic states and fluxes as well as im-
proved parameter estimates. In this component, the ensemble methods also account for model and observation 
uncertainty.

•	 �Downstream, of the confluence of all observational and simulation data is the high-performance Groundwa-
ter Database for data storage and data base management system for data storage and retrieval that is required 
for handling the data in research and applications globally at the long term.

•	 �In addition to data storage dedicated cyberinfrastructure will be needed to support platform operations. The 
numerical implementation of the GGP platform will be based on state of the art massively parallel technol-
ogies implemented in distributed supercomputer environments to achieve the required spatial resolution and 
computing times. The observation data will be transmitted via dedicated telecommunication systems that 
may be maintained in a distributed fashion at the global scale. Users will have access to the platform via open 
gates consisting of web services allowing the user to perform analyses, visualization and download data sets.

The GGP will have two primary modes of operation, monitoring and prediction, both of which can be used for 
scientific inquiry as well as water management operations. The monitoring mode constitutes the continuous 
integration of a global groundwater model with in situ and remotely sensed observations using data assimilation 
approaches, focused on the most important variables and metrics. This will lead to full model-data reciprocity, in 
which observations inform and correct model states and fluxes (and possibly model parameter values and param-
eterizations). The model, in turn, fills in information gaps, and provides uncertainty estimates. Model evaluation 
is also a key component of monitoring mode. Gleeson et al.  (2021) provide a comprehensive plan for model 
evaluation involving comparisons to observations, comparisons between models and expert judgment

The monitoring system provides an analysis of the past, and near real-time best estimate of the current state of 
the groundwater system. Spanning a long time period that should extend up to several decades of the past, this 
groundwater monitoring system enables calculation of anomaly correlation indices, which can be used in sea-
sonal and decadal groundwater forecasts. Further, the groundwater monitoring datasets (including raw data and 
model results) can be used in a multi-nested modeling system to define boundary conditions for spatially- and 
temporally refined groundwater modeling applications at the regional and watershed scales. Finally, the conti-
nental to global groundwater monitoring system will provide physically- and spatially consistent extrapolation of 
groundwater changes in storage, fluxes and states over regions where observational groundwater data are sparse. 
This in turn can be used to design improved monitoring networks reflecting the hydrogeological complexities of 
the region of interest.

Results from the groundwater monitoring model will serve as initial condition for the probabilistic groundwa-
ter prediction mode applying the same modeling framework. The challenge of the prediction system will be to 
provide consistent short, intermediate and long term (interannual) predictions of water resources at the global 
scale including uncertainty estimates and scenario exploration. Probabilistic predictions will need to account for 
major sources of uncertainty such as those related to atmospheric forcings, model structural errors, vadose zone 
and aquifer hydraulic parameter distributions, vegetation and land use distributions, fluxes between groundwater 
and surface water, and human water use. Seasonal or interannual groundwater predictions face the challenge 
of requiring large ensemble sizes of the forcing data to account for atmospheric uncertainty adequately. In this 
case, anthropogenic water use information is required at the grid cell level, which should also be treated as an 
uncertain parameter further increasing the ensemble size. This becomes especially burdensome in the extension 
of the predictions into projections at climate timescales, because the uncertainty and computational requirements 
increase further. In the groundwater prediction system, the forcing data ensemble, high performance computing 
environment, and post-processing and analyses workflow must all be made available in a quasi-operational set-
ting in order to ease the rapid dissemination of groundwater forecast products beyond the scientific community. 
For example, predictions would be most useful on a daily or weekly basis with a lead time of multiple weeks.

The applications of the proposed framework are numerous, here we provide a sample of potential beneficial uses. 
(a) The groundwater monitoring system would produce a true reflection of current and historical groundwater 
states, which would make analyses of future anomalies and trends of various states and fluxes possible in a global 
context. (b) The groundwater prediction system could serve as modeling kernel for seasonal groundwater moni-
toring, which has important implications for the implementation of large-scale transboundary water management 
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strategies. Similarly, (c) groundwater predictions will provide additional and crucial information for the imple-
mentation of early warning systems for the management of natural hazards (e.g., droughts, floods), and in the 
context of food security. Currently, groundwater status is not included in those emergency management services 
(mapping and warning components) maintained through dedicated institutional programs (e.g., Copernicus at the 
European level; https://emergency.copernicus.eu), or the European Drought Observatory, although groundwater 
is often used as an alternative resource during drought. (d) Applying global change scenarios and story lines, 
and hypothesizing different human water use trajectories, projections of the groundwater system will be able to 
be performed in unprecedented ways using the groundwater monitoring results as initial conditions including 
the aforementioned uncertainties. (e) Results from the groundwater prediction will be of interest for addressing 
outstanding scientific questions related to global groundwater trends, propagation of sea level changes into the 
continental interior. (f) Results will also provide valuable information on connections between groundwater and 
global food production; for example, delineating regions and quantifying the populations affected by groundwater 
changes, and detection of the effect of changes in the groundwater availability on the global food trade.

4.  Challenges and Requirements for Continental to Global Modeling and Monitoring
A successful Global Groundwater Platform must overcome significant conceptual, technical and data gaps for 
continental to global groundwater representations, which have persisted for quite some time. A global system 
must address the huge diversity of hydrogeologic systems that are partly to fully interconnected on the sub-conti-
nental scale and that need to be adequately represented while still providing reliable mass fluxes at resolutions on 
the order of 10–100s of meters relevant for scientists and stakeholders. The subsurface poses unique challenges 
relative to other earth system components, given the sparsity of observations and the broad range of spatial and 
temporal scales that must be considered. This limits the utility of purely data-driven empirical approaches and 
necessitates close integration of observations with physically constrained models. Here we outline some of the 
major outstanding challenges and requirements that must be addressed for the primary system components (a) 
global hydrogeologic model, (b) in situ observations, (c) groundwater flow model, and (d) cyberinfrastructure.

4.1.  Global Hydrogeologic Model

Groundwater models require spatially continuous and consistent datasets of the hydrogeologic properties that 
control the movement of water through the subsurface. To generate a global model that is locally relevant one 
must also consider how the effective or representative properties such as hydraulic conductivity (K) values may 
change with the spatial scale, or resolution, of the model. Generating a continental to global hydrogeologic model 
has been proposed previously (e.g., Bierkens, 2015; Gleeson et al., 2021) and the task of defining subsurface 
parameters and structures is challenging for several reasons:

1.	 �Hydrologic heterogeneity occurs at every spatial scale from sub-centimeters to thousands of kilometers cover-
ing an extremely wide range of structures, geometries and properties in 3D. Examples include fractured hard 
rock, alluvial and karst aquifers; tectonic faults connecting aquifer layers; preferential flow paths along buried 
river channels and tidal creeks, as well as the heterogeneity of the vadose zone that is interconnected with 
groundwater (Kim et al., 1997; Vereecken et al., 2019).

2.	 �The identification of hydrogeologic heterogeneity structure and physical properties is difficult because it 
requires subsurface borehole and geophysical data that are often scarce.

3.	 �Additionally, while the averaging volume of these measurements is highly variable, in the context of global 
groundwater modeling, in situ measurements constitute point values that cannot be easily transferred to a 
coarse computational grid.

4.	 �Non-invasive methods, such as ground-penetrating radar and seismic methods provide only structural infor-
mation, but can be useful in the interpolation of hydraulic property values from in situ measurements.

While these challenges may seem intractable, there are appropriate regional strategies to address them. Based 
on foundations discussed in Appendix A in Supporting Information S1 (Overview of the groundwater system) 
and Appendix B in Supporting  Information  S1 (Hydrogeology—subsurface representations), one can decon-
struct the subsurface characterization problem into feasible steps that leverage regional geologic information 
and our knowledge of groundwater flow phenomena. In this workflow, an underlying objective is to produce a 
hydrogeologic model of not just the aquifers, but also of the non-aquifer (lower permeability) regions that also 

https://emergency.copernicus.eu
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influence soil moisture and land-climate coupling. In other words, as groundwater is ubiquitous in the subsur-
face, global or continental groundwater models must aim to represent all of the groundwater systems and not 
just those commonly regarded as aquifers. Within the aquifer systems, it is also important to appropriately rep-
resent the degree of confinement under which the groundwater systems occur as explained in Appendix A.1 in 
Supporting Information S1.

The need for global groundwater modeling should spur efforts to integrate hydrogeologic data worldwide to cre-
ate a global groundwater atlas. The objective should be to create a global database containing a 3D description 
of hydrostratigraphy and hydrogeologic properties globally. The information is currently dispersed institutionally 
and geographically. It is not even clear how to define a universal metadata standard including a consistent defi-
nition of hydrostratigraphic properties, structural and geometrical elements, resolutions, and spatial extents. In 
large areas, even basic geologic information is missing and must be deduced from secondary information.

The envisioned hydrogeologic framework must fulfill a number of requirements to be useful to the groundwater 
modeling community:

1.	 �It must be internally consistent. Hydrogeologic units, boundaries and associated hydraulic parameter values 
must be based on a globally consistent 3D hydrogeologic framework.

2.	 �It should adopt consistent metadata standards that follow existing best practices and be continuously updated 
with incoming information. This will require community governance (development and sustainability plan) 
including revision control and release cycles.

3.	 �The data structure must be designed such that the information can be readily applied to models based on 
different discretization schemes and resolution. To accomplish this, it is envisioned that the generation of the 
hydrogeologic framework should be accompanied by the development of ad-hoc and parameter-dependent 
upscaling techniques for different model configurations.

4.	 �Groundwater modelers must be able to spatially expand and reduce the hydrogeologic framework model in a 
straightforward manner and easily update as new data is released. For example, the groundwater and overlying 
vadose zone need to be coupled to the land surface, which would require a seamless link to global soil and 
vegetation maps and related properties. The envisioned hydrostratigraphic framework is considered a living 
model which is continuously improved and updated in groundwater models.

5.	 �The framework should be consistent with existing and reliable regional models in order to lend confidence 
in the global implementation. To achieve this there will need to be clear processes for regional modelers to 
contribute to the global framework within the version-controlled system.

4.2.  In Situ Observation Network and Remote Sensing

Apart from global remote sensing data sets, there is currently no global data center or resource that compiles 
and manages transient hydraulic head observations, which could be used in the configuration and validation of 
global models. Borehole measurements (e.g., groundwater levels and piezometric heads, temperatures, hydroge-
ochemical variables) and observations remain dispersed between local, regional, national and international public 
and private institutions. Existing datasets are still missing many observations which are not easily accessible. 
In addition, data quality varies greatly with respect to metadata, measured values, and geographic coverage. 
Procedures for consistent quality assurance and quality control across data sources are lacking. Furthermore, our 
current datasets are static, and we lack a coherent global approach that can incorporate new observations as they 
are generated.

Except in the best instrumented basins, changes in groundwater storage are often poorly constrained due to lim-
ited observations. In disturbed groundwater systems, the two largest fluxes are typically abstraction from wells 
and recharge. The former is often not measured, and the latter is not directly observable. Consistent continental to 
global data sets of actual water abstraction by agriculture, industry and drinking water providers generally do not 
exist. In many places, pumping wells are ungauged, although there are exceptions at the regional scale. For exam-
ple, in Europe and parts of the United States, abstraction rates are managed, but in a very diverse fashion based 
on communal, state and national laws and guidelines. Still, in large parts of the world groundwater abstraction 
rates remain unregulated and unmonitored. Experience has shown, however, that data on crop-water demand and 
surface water deliveries to irrigated lands can be used to reasonably estimate groundwater pumping, especially 
at the regional scale.
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In addition to uncertainty and limitations in groundwater observations, uncertainty in the (boundary) fluxes and 
sources and sinks that drive the groundwater flow models is a significant concern. For example, while methods 
of estimating evapotranspiration (ET) have improved and potential ET can be determined fairly well with me-
teorological information, actual ET is much more challenging. The uncertainty associated with ET estimates of 
native or unirrigated landscapes can be larger than the estimated recharge rate in arid landscapes where recharge 
is small. In irrigated crop landscapes, actual ET is closer to potential and can sometimes be better determined as 
a result of decades of crop ET measurements. Also, in irrigated systems recharge from applied irrigation water 
is generally large enough to be less impacted by actual ET errors. However, it should be noted that there are still 
many challenges in irrigated landscapes. For example, in some cases actual ET can be significantly larger than 
potential ET due advection (de Bruin & Trigo, 2019). Also, as noted above, we often lack information on ground-
water pumping which is critical water supply for irrigation in many locations.

Previous studies also suggest that groundwater discharge along the continental boundary may constitute a signif-
icant part of the continental mass balance in certain regions (Konikow, 2011) and conversely that coastal ground-
water resources may be threatened by sea level rise (Befus et al., 2020). Yet the size flux across the land-ocean 
interface remains highly uncertain (Luijendijk et al., 2019); virtually no measurements are available to constrain 
this flux in continental to global models in a meaningful way. Currently, in large scale models, simple Dirichlet 
boundary conditions are commonly applied, which may result in a potential under- or overestimation over large 
spatial scales (Refer to Appendix C in Supporting Information S1 for more information on boundary conditions).

There has been great progress in remote sensing in recent years including the GRACE satellite mission that 
can be used to estimate terrestrial storage changes (described further in Section 5). Still, there are significant 
challenges with this data too. GRACE requires other observations to separate out groundwater storage changes 
from other storage reservoirs and in situ observations remain very important. Additionally, it has limited spatial 
resolution and we require wells and models to provide more local information at scales less than 400 km.

Groundwater is a sparsely observed system, therefore its critically important that the proposed Global Ground-
water Platform makes the best use of the observations that we do have and help support expansion of monitoring. 
We envision an observation platform that can expand as we increase the accessibility and consistency of global 
monitoring datasets. To accomplish this, we need:

1.	 �Consistent metadata standards for groundwater observations.
2.	 �The ability to automatically import observations including ongoing transient observations.
3.	 �Direct access to observation networks for other components of the physical system (such as streamflow and 

ET) that can be used to help constrain the groundwater system models.
4.	 �Observations of agricultural systems, industrial and municipal systems that can be used to estimate ground-

water abstraction. This may include pumping observations where available but given the limited observations 
should also include, crop type mapping, crop water demand, surface water irrigation estimates, irrigation 
efficiency estimates and municipal water demand estimates.

4.3.  Groundwater Flow Model

The observations we have are not sufficient to fully define the groundwater system without the help of models. 
Groundwater states and fluxes (prerequisites for local storage change calculations) can be observed locally using 
well observations of groundwater levels or piezometric heads, or stream baseflow measurements. However, it is 
difficult to upscale aquifer storage changes from point observations due to (a) the sparsity of point observations; 
(b) lateral heterogeneity in aquifer properties and human activities that makes spatial interpolation difficult; and 
(c) the complex relationship between storage changes and changes in deep and shallow groundwater levels in 
layered systems that may have both confined and unconfined conditions. Furthermore, the location of existing 
groundwater monitoring stations is based on practical considerations (e.g., locations where wells are already 
drilled for water supply) rather than scientific criteria assuring the hydrogeological representativeness of the 
measured information. It should also be emphasized that many of the observations from wells are from strati-
fied sedimentary basins, in which semi-confined conditions prevail, and as such the observations in these wells 
provide piezometric head values and not the water table. Thus, these observations cannot provide information 
on storage or fluxes directly unless they are put in the context of a 3D groundwater model that accounts for the 
hydrodynamic interplay between shallow and deep portions of the groundwater systems. A Global Groundwater 
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Platform is required to provide spatially and temporally coherent estimates of states and fluxes that are otherwise 
unobservable, and to enable predictions.

To build a reliable global groundwater modeling system, the hydrogeology framework described above will need 
to be transferred into a globally consistent numerical framework for groundwater flow modeling. This frame-
work must be able to efficiently exploit current and future high-performance computing technologies to support 
the required spatial resolution, data assimilation and ensemble simulations without exceeding computational 
resources (further discussed in the following section). Because there are no true global groundwater circulations 
comparable to those for the atmosphere and ocean, individual models may be constructed up to the continental 
scale that could be maintained and applied across different groups and high-performance computing centers. This 
approach requires, however, careful consideration of the potential impact of varying hardware and software (e.g., 
compiler) configurations influencing the simulation results that is the global numerical consistency and (bitwise) 
reproducibility.

To be most useful the groundwater flow model should be able to represent subsurface fluxes and storage at high 
spatial resolution. Here we suggest 10s to 100s of meter lateral resolution, which is sufficient to resolve hillslope 
processes. Some applications of the model may not require such high resolution. For example, coupling with 
lower resolution Global Earth System models might be achieved with lower spatial resolution. However, previous 
research has emphasized the value of high resolution models to accurately capture hydrologic processes such as 
groundwater-surface water interactions, small surface water bodies and stream networks, as well as to provide 
information at the spatial scales that water managers need (Bierkens et al., 2015; Wood et al., 2011).

Furthermore, to accurately capture the full terrestrial hydrologic cycle and to provide accurate predictions mov-
ing forward, the proposed groundwater modeling framework must connect to the rest of the hydrologic system. 
Groundwater flow models will need to be extended toward the land surface in a continuum approach. For exam-
ple, using Richards' equation to close the water cycle mathematically at the lower boundary. This is important in 
honoring the non-linear connection of the free, moving water table with the vadose zone that is essential in arriv-
ing at accurate dynamics and exchange fluxes (recharge and capillary rise) and capturing all relevant time scales.

Already there are several established approaches for integrated hydrologic modeling (see Section 5 for more 
details). Integrated models and groundwater models may be coupled to land surface models, to improve the 
hydrologic representation. Land surface models may be coupled to groundwater and integrated hydrologic mod-
els to relax simplifying assumption with regard to the upper boundary condition (Kollet et al., 2018; Kollet & 
Maxwell, 2006; Maxwell & Condon, 2016; Maxwell et al., 2007, 2015). However, in both approaches, the key 
exchange flux, groundwater recharge, is ultimately dominated by the precipitation, applied irrigation water, actual 
ET and soil hydraulic properties. This provides a significant challenge because the error in actual ET estimates 
are seldom small relative to the magnitude of recharge, and in fact may exceed the magnitude of recharge for 
non-irrigated lands. Additionally, focused recharge, a very important process in dryland regions, is often not 
represented well in models, because it requires a spatially explicit interaction between surface water and ground-
water allowing surface runoff to infiltrate into the aquifer further downstream in a river basin. Ignoring this 
process leads to underestimations in recharge and groundwater levels. The plausibility of estimated recharge rates 
therefore is not supported or reinforced by the surface hydrologic budget, but rather, by how well the underlying 
groundwater model that is consistent with the regional system hydrogeology is able to reproduce the observed 
spatio-temporal fluctuations in head and computed discharge to the surface (e.g., stream baseflow, springflow, 
discharge to agricultural drains).

An additional challenge for any flow model is the representation of human systems. Humans strongly alter the 
entire hydrologic cycle and the need to represent human activity in global hydrological models has been widely 
recognized. In fact, one of the purposes of global groundwater modeling is to better understand future availability 
of groundwater and its sustainability under climate change that will not only affect precipitation and recharge, 
but also the demand for groundwater by humans and ecosystems, including agriculture. Numerous global or 
continental-scale studies have incorporated human impacts into global hydrological models (Alcamo et al., 2003; 
Döll et al., 2012; Haddeland et al., 2006; Hanasaki et al., 2008; Pokhrel et al., 2012; Rost et al., 2008; van Beek 
et al., 2011; Voisin et al., 2013; Wada et al., 2010; Wisser et al., 2010). However, most of these models take the 
water balance approach to calculate exchanges between surface water and groundwater but not directly simulat-
ing groundwater processes (i.e., groundwater fluxes and heads). Such models do not simulate groundwater level 
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declines due groundwater pumping and, hence, cannot estimate changes in groundwater storage, explicitly. While 
this is valuable for some global applications the envisioned global groundwater model will need to incorporate 
human activities into process-based groundwater simulations.

Finally, we highlight the importance of model calibration, data assimilation and uncertainty as part of any simula-
tion platform. The models may initially be relatively crude and poor predictors of changes in groundwater storage 
and water fluxes across the land surface and water table, but can improve through progressive incorporation of 
better data and hydrostratigraphic characterizations, in combination with careful cross-checking with already 
established, calibrated models. To the casual observer, uncertainty in the three largest groundwater fluxes (dis-
charge, pumping, and recharge), combined with the fact that changes in groundwater storage are seldom directly 
measured, might appear to render groundwater simulation unconstrained or even ill-posed. On the contrary, 
however, we are able to build groundwater models and integrated hydrologic models that represent the hydrologic 
system sufficiently well to support problem solving and water resources management decision making. Accurate 
groundwater models are developed by relying on a variety of measurements such as hydraulic head, streamflow, 
spring flow, water chemistry, and aquifer properties, as well as characterization of the physical structure or archi-
tecture of the aquifer-aquitard system. Model representation of the subsurface hydrogeology can also provide an 
important constraint on the uncertainties stemming from large surface fluxes including evapotranspiration and 
precipitation. Still, given large uncertainty in subsurface parameters and geometry, most groundwater models 
depend heavily on calibration. It is outside the scope of this paper to suggest specific approaches for model cali-
bration and parameter estimation, however additional details on existing approaches are provided in Appendix C 
in Supporting Information S1.

While there are many approaches that can be taken in model development and implementation we envision the 
following key requirements for the global groundwater flow model:

1.	 �The flow model must be able to capture three-dimensional fluxes and storage states in the subsurface at mul-
tiple spatial resolutions depending on the application.

2.	 �The groundwater model should be extended to the land surface or be easily coupled to land surface and atmos-
pheric models in order to capture focused recharge and discharge to surface water bodies.

3.	 �It should integrate human activities that influence the groundwater system such as pumping and irrigation.
4.	 �The model must be sufficiently deep to capture the hydraulic connections between shallow and deep fresh 

groundwater systems. Most of the world's groundwater pumping comes from deep aquifer systems. Deeper 
groundwater systems can influence not only the water table and land surface processes, but also the availabil-
ity of groundwater for extraction by wells.

5.	 �The modeling platform should be designed to be compatible with the observation network to facilitate direct 
data assimilation and model evaluation.

4.4.  Computational Platform Development

In practice, modeling groundwater flow (including data assimilation/inversion and uncertainty quantification) at 
spatial and temporal scales, and resolutions that are relevant for the scientific and water management commu-
nities, is computationally expensive. Moving from watershed to continental and global scales will easily result 
in more than 109 cells and increase the computational problem by orders of magnitude. Global high-resolution 
models will require thousands of cores for computation and generate petabytes of output. Addressing compu-
tational and data challenges will be critical to successful global modeling efforts. Massive parallel computing 
technologies will be essential in achieving this goal, requiring major software innovations in the hydrogeologic 
community.

Arguably, the groundwater community has been slow overall in the adoption of High Performance Computing 
(HPC) technologies in comparison to the atmosphere and ocean science communities, which have been driven 
strongly by the operational forecasting centers very early in the HPC age (e.g., the German Weather Service 
opened its first in-house HPC center in 1966 housing a CDC 3400 [super-]computer). To date only a small 
number of groundwater flow models exist that have been designed initially to use efficiently parallel comput-
ing resources. These parallel-computing models have been applied in proof-of-concept studies, large-scale flow 
and also reactive transport modeling, and groundwater-to-atmosphere simulation studies. However, the lack of 
widespread technology adoption is of major concern, as (a) model resolution is always increasing and (b) parallel 



Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

12 of 27

hardware technologies are evolving at an increasing speed, leading to a continuously increasing gap between 
hydrogeologic modeling and next generation parallel hardware infrastructures.

Traditionally, groundwater modeling software has been programmed in a monolithic way with the computa-
tional kernel and all additional code infrastructure are part of a single software. This approach makes the code 
compact for the user. However, new heterogeneous computing hardware and storage architectures based on very 
rapid development cycles do not lend themselves to the traditional approach because new hardware types require 
considerable adjustments of the code base. The key is to facilitate the porting of complex codes across hardware 
architectures, while maintaining performance (i.e., performance portability) (Lawrence et al., 2018). Currently, 
only a small number of groundwater flow model codes exist that are suitable for global groundwater modeling 
and performance portability in the future.

Global groundwater modeling and groundwater prediction is already possible with current HPC technologies. 
However, processor performance gains have essentially saturated and stopped following Moore's law, mainly 
because of power limitations. This has already led to a paradigm shift in the architecture of supercomputers, mov-
ing away from being purely cluster-based (large number of interconnected PCs) toward heterogeneous designs 
consisting of combinations of clusters and accelerators/boosters (mainly graphical processing units, GPUs). As a 
result, the landscape of parallel geoscientific software development will be changing considerably toward more 
hybrid parallel development strategies that are performance portable and scalable (Lawrence et al., 2018), and 
groundwater models will need to adapt quickly to these changes. In this context, other geoscience disciplines like 
the weather and climate communities have started outlining plausible roadmaps on how to rapidly adapt codes to 
available hardware (Lawrence et al., 2018). The groundwater community should make similar efforts and prefer-
ably in cooperation with these communities.

Table 1 provides an estimate of the number of grid cells, storage requirements and potential compute core counts 
based on previous experience with the parallel groundwater software ParFlow (Burstedde et al., 2018; Kollet 
et al., 2010). This assumes a groundwater flow model covering ice-free continental areas of the world, roughly 
140 M km2. Numbers provided are for different spatial resolutions of one model layer assuming a rectilinear, 
equidistant grid without local grid refinement. The number of compute cores were estimated assuming a prob-
lem size of 105 grid cells per core, which resulted in reasonable scaling on a massively parallel supercomputer 
(Burstedde et al., 2018). Numbers for a multilayer model can be obtained by multiplying the estimates in Table 1 
by the number of model layers. Thus, a ten-layer global groundwater model at 1 km resolution leads to 1.4 × 109 
grid cells, 10 GB of storage for one double-precision variable per time step (without compression), and a require-
ment of about 14,000 compute cores.

These numbers suggest that a global groundwater model is feasible in standard supercomputer environments 
today even in data assimilation mode assuming reasonable ensemble sizes on the order 101. As noted above, 
because no global groundwater circulation exists, the global model can be implemented separately for different 
continents in a grid computing approach, which would further distribute the required resources. This approach 
should also enable a 100 m resolution hillslope resolving global model, which would increase the required re-
sources by a factor of 100. Note, the data storage burden could be efficiently reduced by implementing lossless 
and lossy compression techniques as well as by adopting an online analysis approach and storing just the informa-
tion needed to re-run the model (check pointing). Inverse modeling, which is still much more compute intensive 
than forward modeling, could be applied for smaller areas like large aquifer systems. The inversely estimated 

Resolution 10 km 1 km 100 m 10 m

Number of grid cells 1.4E + 06 1.4E + 08 1.4E + 10 1.4E + 12

GB storage per time step 1.0E–02 1.0E + 00 1.0E + 02 1.0E + 04

Number of compute cores 1.4E + 01 1.4E + 03 1.4E + 05 1.4E + 07

Note. The total ice-free continental area is estimated at approximately 140 Mio km2.

Table 1 
Grid Cell Numbers, Storage Requirements (for One Double-Precision Variable) and Potential Compute Core Counts for a 
One Layer of a Global Groundwater Flow Model
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spatial distribution of aquifer parameters can be introduced in the continental to global scale model improving 
(for a smaller region) the characterization of aquifer parameters.

5.  Current State of Tools and Datasets for Continental to Global Groundwater
While the challenges and needs outlined above are significant there has been great progress in recent years in 
large-scale modeling, monitoring and data analysis. Here we highlight some of the most promising existing tools 
and datasets that can be used as a starting point in addressing the needs of a global platform.

5.1.  Global Hydrogeologic Model

5.1.1.  Hydrogeology Datasets

One of the earlier efforts in hydrogeology to map global aquifer properties is the WHYMAP initiative lead by the 
BGR (German Federal Institute for Geosciences and Natural Resources) and UNESCO (Richts et al., 2011). The 
product is a vector map, produced in 2004 and updated in 2008, of the extent of the major aquifers in the world 
classified into three categories: major groundwater basins; aquifers with complex hydrogeological structure; 
and local and shallow aquifers. Recharge (in mm/year) was also mapped, which, together with the aquifer type, 
reflects the aquifers' productivity and groundwater renewal rate.

More useful for the parameterization of large-scale groundwater models are global lithology maps, because they 
can provide estimates of parameters like hydraulic conductivity and porosity. Two well-known maps are by Dürr 
et al. (2005) and Hartmann and Moosdorf (2012). However, these maps only describe the lithology at the surface, 
without explicit 3D geometric information.

Information on the depth of the productive aquifers can be found by inspecting so-called depth-to-bedrock and 
sediment thickness maps. Several depth-to-bedrock maps exist, but what they represent differs and can be con-
tradictory. The four most relevant maps are listed here. (a) The depth to bedrock map of Pelletier et al. (2016) 
estimates the thickness of the soils, underlying regolith layers (in uplands) and unconsolidated sediment stacks 
(in lowlands) to a maximum depth from land surface of 50 m. (b) Shangguan et al. (2017) produced a data set that 
targets the same properties, but is not limited to the 50 m maximum depth for the unconsolidated sedimentary 
deposits. The depth to bedrock maps are quite different from the sedimentary thickness estimates produced by 
the petroleum geology community. For instance, (c) Limberger et al. (2018) provide a map of sediment thickness 
based on seismic data where sediment thickness includes not only the unconsolidated (soft) sediments, but also 
the more consolidated sedimentary rocks, which are often of lower hydraulic conductivity and not represented 
in global groundwater models. Moreover, this data set only considers the larger sedimentary basins and not the 
shallow groundwater bearing layers in mountain areas. (d) Finally de Graaf et al. (2015), as part of an effort to 
build a global groundwater model, provide estimates of aquifer thickness of the larger sedimentary basins. The 
target variable of this data set is therefore quite similar to the sediment thickness of Limberger et al. (2018).

A few global estimates of hydraulic properties of the subsurface have been developed. (a) Permeability and po-
rosity of the upper 50 m were derived by Gleeson et al. (2014) and Huscroft et al. (2018) based on the lithology 
map of Hartmann and Moosdorf (2012) and estimated permeabilities and porosities from reported U.S. ground-
water studies. (b) de Graaf et al. (2017) extended the aquifer depth data set of de Graaf et al. (2015) to a two-layer 
global hydrogeological model including the confining layers or characteristics within many of the global aquifer 
systems. Transmissivities and storage coefficients were derived from Gleeson et al. (2014) and calibrated based 
on observed groundwater data. Additionally, the GEWEX global soilwat initiative is working to survey soil prop-
erties used in global land surface models and build global soil parameter datasets.

It should be noted that most existing datasets are two-dimensional: no consistent 3D lithologic, hydrogeologic or 
hydrofacies data set exists at the global scale. Within most sedimentary basins, data that could be used to extend 
the listed datasets into the vertical dimension exists but are not assembled and/or not readily accessible. This is 
another area in which the global modeling effort could be used to encourage international cooperation. Converse-
ly, in upland and mountainous areas in which fractured rocks dominate, much less data exist for the 3D spatial 
patterns in aquifer conditions and properties.
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5.1.2.  Approaches for Model Parameterization and Addressing Heterogeneity at Scale

Regardless of the challenges of multi-scale heterogeneity, there are numerous examples of moderately to very 
successful regional groundwater models, many of which have been shown to represent groundwater systems 
while sufficiently honoring measured parameters, heads and fluxes (e.g., Belitz & Phillips, 1995; Faunt, 2009; 
Sahs, 2018; Texas Water Development Board, 2020). Many successful approaches circumvent the local-scale 
heterogeneity and upscaling challenges by using a deductive rather than inductive approach. In the inductive 
approach to model building, one would attempt to collect as many local-scale measurements of parameters (e.g., 
hydraulic conductivity or transmissivity) and induce the upscaled equivalent parameters by theoretical means or 
calibration. In the deductive approach, one starts at the more regional scales by leveraging geologic characteriza-
tion and the pumping-test-based estimates of parameters that are already representative of integral average prop-
erties, commonly at scales as extensive as 102–103 m. Importantly, in the deductive approach the geologic stra-
tigraphy, or more specifically, the hydrostratigraphy in which both stratigraphy and hydrogeology are integrated, 
together with structure (e.g., basin boundaries, faulting) are used to form the conceptual model of the occurrence 
of groundwater, including the locations and geometries of aquifers and aquitards. Once this hydrostratigraphic 
framework is delineated, the aquifer/aquitard properties can, at minimum be inferred from knowledge of the rock 
types (e.g., Senger & Fogg, 1987), or, more ideally, be estimated through joint analysis of the geologic and hy-
drogeologic data (Faunt, 2009; Fogg, 1986; Texas Water Development Board, 2020).

The above-mentioned “deconstruction” of the problem can proceed by using geologic characterizations to cat-
egorize the groundwater systems into three or more basic types within which similar modeling strategies and 
assumptions can be applied (see Appendix B.2 in Supporting Information S1 for more information). Here we 
highlight three major groundwater system types shown in Figure 3: clastic sedimentary basins, low-K hard-rock 
systems, and high-K hard-rock or cavernous (karst) systems (CSB, LKHR, and HKHR). The CSBs, which could 
include glacio-fluvial deposits of the mid-to-upper latitudes, are the most studied and modeled of groundwater 
systems, so they already have numerous hydrogeologic data sets and working groundwater flow models. Because 
of all the work on the CSBs, these can help serve as “reservoirs” of information for benchmarking the continen-
tal-scale models. Within each system type, one must further exploit any regional geologic characterizations on 
the subsurface structure and stratigraphy to define the hydrogeologic system framework, including locations of 
aquifers and aquitards in 3D. This framework together with hydrogeologic data on groundwater level fluctua-
tions and porous media parameters can further be used to identify where the groundwater is under unconfined, 
semi-confined and confined conditions. This aspect on degree of confinement will be particularly essential for 
relating changes in groundwater levels to changes in storage (see Appendix. B.2 in Supporting Information S1) 
without creating significant errors.

The LKHR groundwater systems typify most uplands or mountainous areas and pose some of the most serious 
challenges to development of representative groundwater models at both local and regional scales. All the data 
upon which we rely to build and calibrate models in the CSB systems is typically lacking in the uplands and 
mountains. Moreover, unlike in the case of CSBs, the fracture-rock system hydraulic parameters are much more 
difficult to estimate based purely on geologic information. Nevertheless, the commonly high topographic relief 
in LKHRs can produce strong, definable driving forces (Appendix A.1 in Supporting Information S1), which to-
gether with data on stream baseflow, spring flows, and lake elevations (as manifestations of the water table), can 
be used to constrain the LKHR groundwater models. There is much ongoing research on groundwater in LKHRs, 

Figure 3.  Conceptual illustrations of the three major hydrogeologic system types (a) clastic sedimentary basins (CSB), (b) low-K hard-rock systems (LKHR), and (c) 
high-K hard-rock or cavernous (karst) systems (HKHR).
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and it needs to further expand and accelerate in support of global groundwater modeling needs. Of particular 
importance is the nature of the hydrogeologic transition from the uplands to the lowlands which is commonly 
referred to as the “mountain front” (Wilson & Guan, 2004). If hydrogeologic properties of the mountain fronts 
are not adequately estimated, the high hydraulic potential (head) in the mountains will tend to swamp out the 
lowlands in any continental-scale model, as exemplified in Reinecke et al. (2019). Future research on not only 
mountain hydrology, but also mountain-front recharge should be a high priority.

Many of the HKHR systems are similar to the CSB in that because they were long ago discovered as major aq-
uifer systems, they already contain relatively abundant data and some calibrated groundwater models (e.g., the 
Edwards aquifer, Texas; Columbia River basalt deposits of Washington, Oregon and Idaho).

In the above-described, well-established approach for regional model building, uncertainty around the parameters 
and even the underlying conceptual models remains a stubborn challenge, but can be managed through careful 
model calibration and comparisons of measured and monitored groundwater levels, including the water table, 
and fluxes. In this regard, measured fluxes such as streamflow, baseflow, spring flow, and well pumping are most 
consequential for minimizing and managing model uncertainty (e.g., Hill & Tiedeman, 2006)

5.2.  In Situ Observation Network and Remote Sensing

There are currently a few initiatives that collate groundwater level time series on continental to global scales. 
In North-America, the USGS maintains the National Water Information System (NWIS) containing 850,000 
records. In Europe, the Groundwater Drought Initiative (Bloomfield et al., 2018) uses a collaborative approach. 
They work with national data holders and scientists in almost all countries combining data from national ground-
water monitoring systems into a Europe-wide groundwater level data set. Cuthbert, Taylor, et al.  (2019) have 
taken considerable effort to collate long-term groundwater level time series in Africa. Also, the International 
Groundwater Resources Assessment Center (IGRAC) has developed a Global Groundwater Information System 
(GGIS) which is an online platform for sharing groundwater data. All of the datasets mentioned required sig-
nificant efforts to assemble and are a valuable step forward. However, they still remain limited in their spatial 
coverage. Even those areas with coverage have significant spatial and temporal gaps and suffer from short periods 
of record, limited meta-data, or low-quality observations. Additionally, not all these datasets are easily publicly 
accessible without coordination with the data set creators (although it should be noted that the IGRAC GGIS 
system is working to address sharing issues). International cooperation at a number of levels will be required to 
improve the available data. Global groundwater modeling can be used to elucidate valuable data and encourage 
the needed international cooperation.

Quite recently, attempts have been made to provide global water use estimates at relatively high spatial and tem-
poral resolution (up to 0.1° at daily time steps). Examples include the products by Wada et al. (2016) and Siebert 
et al. (2010) which combine statistical data from public, agricultural and industry sources to calculate water de-
mand based on land cover, soil information, and weather data. While approximate, these values are currently the 
best available for use in global groundwater models.

With respect to groundwater stores, remote sensing techniques provide new avenues for quantitative assessment. 
Most remote sensing products provide information on the vegetation layer (e.g., vegetation indices) or the first 
few centimeters of the vadose zone (e.g., SMOS or SMAP satellite derived products), which are useful for es-
timating groundwater recharge and evapotranspiration. GRACE (Gravity Recovery and Climate Experiment; 
Rodell et al. (2009, 2018) provides data on water storage over large areas, including water in the surface and sub-
surface. Rodell et al. (2018) provide a data set of water storage changes derived from the analysis products of the 
satellite mission GRACE and additional data products are available from Watkins et al. (2015) and Tellus (2012). 
This is the first global estimate of its kind and provides unprecedented large-scale quantification of storage chang-
es. However, applications of GRACE are limited by its coarse spatial resolution (about 150,000 km2 at midlati-
tudes). Also, GRACE only provides total storage changes (i.e., surface and subsurface), and additional analysis 
is needed to extract the subsurface component which can result in large errors (e.g., Brookfield et al., 2018; Van 
Loon et al., 2017). Another remote sensing approach is to use heat flow and temperatures as a tracer to estimate 
groundwater discharge (Anderson, 2005; Liu et al., 2016). These methods can be very sensitive to small-scale 
land surface processes such as evapotranspiration, sensible heat flux and soil heat flux, and applications to large 
scale simulations have not been developed.
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5.3.  Groundwater Flow Model

Existing groundwater simulation approaches applied at the continental to global scale generally fall into four 
categories (illustrated in Figure 4):

1.	 �Steady state models: Static groundwater configuration based on the long-term balance of recharge and 
discharge.

2.	 �Saturated flow models: Saturated groundwater flow (i.e., from the water table down). Recharge from the 
land surface and exchanges with surface water bodies are included in these models primarily as upper bound-
ary conditions.

3.	 �Quasi-3D models: Commonly applied in land surface and earth systems models, these approaches simulate 
variably saturated vertical flow in the soil column combined with a dynamic water table lower boundary 
condition.

4.	 �Variably saturated flow models: Variably saturated flow three-dimensional flow throughout the entire 
subsurface.

Each of these approaches has been applied with multiple modeling platforms and coupling strategies. In many 
cases the groundwater model is coupled or integrated with a land surface, vegetation or atmospheric model. It is 
outside the scope of this paper to explore in detail the myriad of earth systems model and coupling approaches. 
Rather here we focus specifically on the groundwater simulation portion of these models summarizing each of 
the general approaches including their strengths and weaknesses and the current state of their application at con-
tinental to global scales. For additional details on model capabilities and types we also refer the reader to Gleeson 
et al. (2021) who provide a classification table of large-scale groundwater models that includes a detailed break-
down of components and capabilities of different platforms.

For the purposes of this discussion we also exclude lumped groundwater storage approaches, because these are 
not directly simulating flow through the groundwater system in a physical way. Lumped mass balance approaches 
treat groundwater storage as a simple storage reservoir and parameterize exchanges in and out of storage based on 
surface water runoff diffuse recharge and groundwater pumping. This approach was typically applied in global 

Figure 4.  Conceptual illustration of the different approaches to groundwater simulation which are employed in continental to global scale models.
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hydrologic models which were originally designed to assess future water availability and human water usage. 
However, many of these platforms have developed groundwater modules that simulate transient groundwater 
flow directly in recent years (see Section 5.3.2).

Our intent here is to provide an overview of the progress that has been made in continental to global scale ground-
water simulation with these approaches. For those new to groundwater modeling, additional details on model 
approaches can be found in Appendix C in Supporting Information S1.

5.3.1.  Steady State Models

Steady state groundwater models provide an estimate of static groundwater configuration. They are derived us-
ing the long-term balance between groundwater recharge and discharge and represent a hydrologic equilibrium 
condition. They are useful for evaluating spatial patterns in groundwater depth and groundwater surface water 
interactions, and can provide initial conditions for transient simulations. Steady state simulations can be derived 
with any of the modeling approaches shown in Figure 4. We separate them out here as a special case, and cover 
transient simulations by modeling approach in the following subsections.

One of the first published efforts was the paper of (Fan et al., 2013) who presented a high-resolution global map 
of groundwater depth. The map is based on simulations with a steady state groundwater parameterization in a 
land surface model. Their model assumes saturated unconfined systems using the Dupuit-Forcheimer approxi-
mations of 2D flow (i.e., horizontal groundwater flow where discharge is proportional to aquifer thickness). For 
the hydrogeologic properties Fan et al. (2013) assumed exponential decay of permeability with depth based on 
surface permeability derived from (Gleeson et al., 2011) and topographic slope, and calibrated the rate of decay 
using observed groundwater data. This global groundwater level map is often treated as a data set, but we include 
it here because the mapping actually relies on a groundwater model.

Subsequently, de Graaf et al. (2015) built a global steady-state groundwater model at 6’ resolution using MOD-
FLOW and a previously developed aquifer depth model as input. Groundwater recharge and surface water levels 
needed to force the groundwater model were obtained from the global hydrological model PCR-GLOBWB (van 
Beek et al., 2011). This approach also assumes a single layer unconfined system and simulates saturated ground-
water flow similar to Fan et al. (2013).

Maxwell et al. (2015) built a steady state groundwater model for the Continental United States (CONUS) at 1 km 
lateral resolution using the integrated hydrologic model ParFlow. This model differs from previous steady state 
simulations because the model uses Richards' equation to simulation 3D variably saturated flow. Additionally, the 
model had five vertical layers, capturing additional complexity in soil and geologic parameters. This model was 
used to evaluate patterns in groundwater residence time (Maxwell et al., 2016) and spatial drivers of groundwater 
configuration (Condon et al., 2015; Condon & Maxwell, 2015).

5.3.2.  Saturated Flow Models

Transient saturated flow models use Darcy's law to simulate saturated groundwater flow (i.e., flow below the 
water table) dynamically. These approaches explicitly resolving lateral fluxes in the subsurface, and can there-
fore capture groundwater convergence and lateral redistribution of moisture in the subsurface not possible with 
groundwater storage models. MODFLOW is the most widely known and applied saturated groundwater flow 
model (Hughes et al., 2017). Because saturated flow models focus on the flow below the water table, they require 
parameterized exchanges or fluxes for groundwater recharge and discharge as boundary conditions. Increasingly, 
saturated flow models such as MODFLOW and GSFLOW incorporate these recharge and discharge processes 
using coupled modules instead of imposing them via boundary fluxes for example, Markstrom et al. (2008).

de Graaf et al. (2017) developed the first transient global MODFLOW model. This work builds from the steady 
state simulation presented in de Graaf et al. (2015) expanding to include a two-layer hydrogeological schematiza-
tion (aquifers and confining layers) and a transient simulation of groundwater heads. de Graaf et al. (2017) used 
this model to assess global groundwater depletion as a result of groundwater over-abstraction. More recently a 
two-way coupled model version (between MODFLOW and PCR-GLOBWB) was used to globally estimate the 
effects of groundwater withdrawal on environmental streamflow (de Graaf et al., 2019). Additionally, Reinecke 
et al. (2019) developed another global saturated flow model called G3M, developed specifically for the WaterGap 
global hydrology model. This model takes a gradient based approach similar to de Graaf et al. (2015) but uses its 
own groundwater flux model, as opposed to MODFLOW.
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5.3.3.  Quasi-3D Approaches

Land surface models (LSMs) and earth systems models (ESMs) were designed to simulate fluxes from the land 
to the atmosphere. Here, Richards' equation is generally implemented vertically in a 1D isolated column with 
variable vertical discretization commonly increasing from top to bottom from 10−2 to 100m and extending only 
to shallow depth on the order of meters. This type of implementation is based on the assumption that over large 
lateral spatial scales of a computational grid cell on the order of 10−1 to 102 km2, lateral shallow flow can be 
neglected, and vertical flow can be effectively simulated by a 1D column representing the average dynamics over 
large spatial scales. Traditionally a free gravity drainage lower boundary condition was applied. However more 
recently there have been increasing efforts to include groundwater representation to this lower boundary. These 
approaches generally maintain 1D vertical exchanges through the soil column but replace the lower boundary 
condition with a single layer aquifer model to represent water table depth (e.g., Lo & Famiglietti, 2010, 2011; 
Niu et al., 2007).

Such methods have also been used to connect land surface model-based groundwater parameterizations into re-
gional atmospheric models to interrogate potential feedbacks, mainly at the continental scale (Anyah et al., 2008; 
Barlage et al., 2015; Niu et al., 2007; Schlemmer et al., 2018; Seuffert et al., 2002; York et al., 2002). This is 
an active research area with a myriad of model platforms and coupling strategies. We refer the reader to Clark 
et al. (2015) and Fan et al. (2019) for a more detailed summary of modeling approaches in LSMs and ESMs. 
Still, there remain significant limitations to current approaches. Comparing different global models with various 
GRACE products, Scanlon et al. (2018) provided a quite sobering view of the skill of current land surface models 
incorporating groundwater parameterizations. They showed that land surface models generally under or overes-
timate storage changes and have difficulties in reproducing long-term storage trends. Note however, that none of 
the models included in the analysis of Scanlon et al. (2018) included a groundwater flow model.

5.3.4.  Variably Saturated Flow Models

Similar to saturated flow models, variably saturated flow models (generally referred to as integrated models) can 
simulate lateral groundwater flow for confined, unconfined and semi-confined conditions and incorporate aquifer 
heterogeneity in three-dimensional space. The key difference with these approaches is that they simulate the en-
tire subsurface (both above and below the water table) using Richards' equation to handle variably saturated flow. 
This approach is more robust for capturing groundwater recharge and dynamic interactions between groundwater, 
soil moisture and streamflow. However, it is also more computationally expensive than saturated flow approach-
es. There are a number of integrated groundwater models including CATHY (Paniconi & Wood, 1993), Hydro-
Geosphere (Therrien & Sudicky, 1996), and ParFlow (Kollet & Maxwell, 2006).

There are no integrated global groundwater models at this point, but several continental scale models have been 
developed using ParFlow. Transient simulations have been developed at 1 km resolution for the Contiguous US 
building from the steady state ParFlow model (Maxwell et al., 2015) and coupling with the CLM land surface 
model. PF-CONUS has been used to study multi-scale groundwater-evapotranspiration feedbacks (Maxwell & 
Condon, 2016), hydrologic impacts of large scale groundwater depletions (Condon & Maxwell, 2019), and the 
role of groundwater in warming systems (Condon, Atchley, & Maxwell, 2020; Condon, Markovich, et al., 2020).

(Keune et al., 2016) constructed an integrated model for Europe coupling ParFlow to a land surface and atmos-
pheric model. By incorporating an atmospheric model, they were able to directly investigate connections from 
the bedrock to the atmosphere. Keune et al. (2016, 2018) demonstrated the mitigating impact of groundwater on 
the 2003 heatwave and the systematic redistribution of water resources due to human water use. The European 
model by Keune et al. (2016) was also implemented in an experimental monitoring/forecasting system producing 
real-time predictions of water flows and stores of the critical zone from groundwater across the land surface into 
the atmosphere (Kollet et al., 2018). Zipper et al. (2019) also used this model to demonstrate the role of ground-
water and land use changes on drought over Europe in an ensemble modeling approach.

6.  The Path Forward
We envision a Global Groundwater Platform that will combine observations and models to provide spatially 
and temporally continuous and consistent groundwater monitoring and prediction. We argue that such a system 
is needed to address the critical gaps in our understanding and predictive capacity of the terrestrial hydrologic 
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cycle outlined in Section 2. For example, fully coupled groundwater-to-atmosphere ensemble retrospective fore-
casts carried out using different configurations (e.g., hydrogeological settings) would represent a viable way 
to explore the underlying mechanisms that explain two-way feedbacks between global groundwater states and 
natural modes of variability such as ENSO, which are dominant sources of sub seasonal-to-seasonal predicta-
bility. The proposed framework will also provide the opportunity to assess the impact of long-debated issues in 
groundwater modeling (e.g., scaling with grid resolution and uncertainty characterization) on the quality of the 
atmospheric forecasts. Additionally, the sustainable management of groundwater resources is key to resolving 
future challenges of global food and energy security in a world subject to population growth and climate change. 
A consistent global groundwater framework is essential to global assessment of the effects of adaptation measures 
that are mostly local in nature. Ultimately, this platform can help unlock the potential of groundwater as a source 
of predictability in operational weather systems, and produce valuable information to a new and wider range of 
decisions related to the water management, agricultural, and energy sectors.

As outlined in Section 4 we have identified four key components for the Global Groundwater Platform. Here we 
re-iterate these components and the essential elements that will be needed for a successful GGP.

1.	 �Hydrogeologic Model: We require a globally consistent hydrogeologic framework which can provide the 
necessary hydrologic parameters for groundwater simulation at multiple spatial scales. This model must be 
three dimensional providing consistent spatial information at depth and it must adhere to standard metadata 
formats. A successful platform will be easily updated and closely linked with the other parts of the platform to 
facilitate model inversion and calibration across different domains and for flexible model grid configurations.

2.	 �Groundwater Observation Platform: A global groundwater level database needs to be established including all 
historic records available today and providing for automatic ingestion of ongoing temporal observations. This 
will require coordination with myriad of agencies currently collecting this data, both for data gathering and 
to ensure consistent metadata standards that can facilitate global analysis. In addition to direct groundwater 
observations the GGP will need direct connections to exiting observations networks for other parts of the 
physical system as well as human activities.

3.	 �Groundwater Flow Model: To facilitate all of the goals outlined above the groundwater flow model must be 
able to capture three-dimensional flow in the subsurface at multiple spatial scales and resolutions. It should 
be connected to land surface and overland flow processes and must include both shallow and deep ground-
water systems to encompass connections between shallow and deep groundwater systems as well as human 
pumping. The flow model must be able to incorporate human operations and should be designed to be closely 
connected with the observation platform and the hydrogeologic model.

4.	 �Cyberinfrastructure: The first three components listed here will require significant computational power, data 
storage and analysis capabilities. The groundwater observation and monitoring system will require cyberin-
frastructure for real time in automated groundwater level measurements, wireless data streams and automated 
quality control. The data streams must be connected via networks having the necessary carrying capacity and 
minimal latency to the supercomputer infrastructure where modeling and data assimilation is performed. In 
Section 4, we summarized some rough estimates of the demands of the groundwater modeling platform. There 
would be multiple approaches to building and managing this in a distributed fashion (e.g., splitting up con-
tinental models). However, significant community design will be needed to ensure a globally consistent and 
interoperable system and any successful approach will need to efficiently leverage modern HPC architectures 
and best software development practices.

The requirements outlined above may appear lofty; however, we would like to emphasize that significant pro-
gress has already been made in each of these areas. As outlined in Section 5, the interest in global groundwater 
simulation and observation has been increasing, and there are multiple ongoing efforts to expand our modeling 
and observation capabilities. There are community data collection efforts, such as the European Groundwater 
Drought Initiative (Bloomfield et al., 2018), and the IGRAC Global Groundwater Information System; as well as 
model intercomparison and development projects, such as WaterMIP (Haddeland et al., 2011), GEWEX-ISMC, 
and ISI-MIP (Warszawski et al., 2014). What is critically lacking in these efforts is an organized community ef-
fort to pull all of the required data and modeling elements together in a consistent platform. Many of these efforts 
remain siloed among communities, and as a result, synergies that can result from closer collaboration between 
the modeling and observation communities are missed. Additionally, because we lack consistent model and meta-
data standards, it remains difficult and time consuming to build community resources for model evaluation, and 
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prediction. A framework for global groundwater model evaluation is proposed by Gleeson et al. (2021) to address 
some of these challenges. We also see a divergence in the modeling community that is building global models 
and many hydrogeologists and regional groundwater modelers. We need better connections across these groups 
so that the Global Groundwater Platform uses consistent research and best practices that have been established 
through decades of groundwater modeling at the local and regional scale.

We propose here that the GGP community needs to include not just global groundwater modelers working with 
land surface and atmospheric modelers, but also hydrogeologists, data holders, water managers, and software 
engineers. Ideally, we would have leaders and sub teams for each of the major platform components that can 
work together on design and integration. One of the first major requirements is to define metadata standards for 
both observations and the hydrogeology model. Additionally, we will need to work together to establish shared 
infrastructure that can be used to start constructing and managing the platform.

While the implementation of the technology requires considerable investments at the national and international 
level, the scientific, societal, and economic return of a Global Groundwater Platform is certainly higher. Com-
mensurate technologies have been applied operationally for decades in the large atmospheric forecasting centers. 
We suggest that by 2022, when Groundwater is the theme of World Water Day, we will have set up the framework 
for a global groundwater monitoring and prediction system. This requires scientists, data holders, modelers, na-
tional and international organizations to collaborate and pull resources and data together.

Data Availability Statement
No new data are presented in this review paper.

References
Abbott, B. W., Bishop, K., Zarnetske, J. P., Minaudo, C., Chapin, F. S., Krause, S., et al. (2019). Human domination of the global water cycle 

absent from depictions and perceptions. Nature Geoscience, 12(7), 533–540. https://doi.org/10.1038/s41561-019-0374-y
Alcamo, J., Doll, P., Henrichs, T., Kaspar, F., Lehner, B., Rosch, T., & Siebert, S. (2003). Development and testing of the WaterGAP 2 glob-

al model of water use and availability. Hydrological Sciences Journal-Journal Des Sciences Hydrologiques, 48(3), 317–337. https://doi.
org/10.1623/hysj.48.3.317.45290

Anderson, M. P. (2005). Heat as a Ground Water Tracer. Groundwater, 43(6), 951–968. https://doi.org/10.1111/j.1745-6584.2005.00052.x
Anyah, R. O., Weaver, C. P., Miguez-Macho, G., Fan, Y., & Robock, A. (2008). Incorporating water table dynamics in climate modeling: 3. Simulated 

groundwater influence on coupled land-atmosphere variability. Journal of Geophysical Research, 113. https://doi.org/10.1029/2007jd009087
Barlage, M., Tewari, M., Chen, F., Miguez-Macho, G., Yang, Z.-L., & Niu, G.-Y. (2015). The effect of groundwater interaction in North American 

regional climate simulations with WRF/Noah-MP. Climatic Change, 129(3), 485–498. https://doi.org/10.1007/s10584-014-1308-8
Befus, K. M., Barnard, P. L., Hoover, D. J., Finzi Hart, J. A., & Voss, C. I. (2020). Increasing threat of coastal groundwater hazards from sea-level 

rise in California. Nature Climate Change, 10(10), 946–952. https://doi.org/10.1038/s41558-020-0874-1
Belitz, K., & Phillips, S. P. (1995). Alternative to agricultural drains in California San-Joaquin Valley—Results of a regional-scale hydrogeologic 

approach. Water Resources Research, 31(8), 1845–1862. https://doi.org/10.1029/95wr01328
Bierkens, M. F. P. (2015). Global hydrology 2015: State, trends, and directions. Water Resources Research, 51(7), 4923–4947. https://doi.

org/10.1002/2015wr017173
Bierkens, M. F. P., Bell, V., Burek, P., Chaney, N., Condon, L. E., David, C., et al. (2015). Hyper-resolution global hydrological modelling: What's 

next? Hydrologic Processes, 29(2), 310–320. https://doi.org/10.1002/hyp.10391
Bierkens, M. F. P., & van Beek, L. P. H. (2009). Seasonal predictability of european discharge: NAO and hydrological response time. Journal of 

Hydrometeorology, 10(4), 953–968. https://doi.org/10.1175/2009JHM1034.1
Bloomfield, J., Brauns, B., Hannah, D. M., Jackson, C., Marchant, B., & Van Loon, A. F. (2018). The groundwater drought initiative (GDI): 

Analysing and understanding groundwater drought across Europe.
Brookfield, A. E., Hill, M. C., Rodell, M., Loomis, B. D., Stotler, R. L., Porter, M. E., & Bohling, G. C. (2018). In situ and GRACE-based 

groundwater observations: Similarities, discrepancies, and evaluation in the high plains aquifer in Kansas. Water Resources Research, 54(10), 
8034–8044. https://doi.org/10.1029/2018wr023836

Burstedde, C., Fonseca, J. A., & Kollet, S. (2018). Enhancing speed and scalability of the ParFlow simulation code. Computers & Geosciences, 
22, 347–361. https://doi.org/10.1007/s10596-017-9696-2

Christoffersen, B. O., Restrepo-Coupe, N., Arain, M. A., Baker, I. T., Cestaro, B. P., Ciais, P., et al. (2014). Mechanisms of water supply and veg-
etation demand govern the seasonality and magnitude of evapotranspiration in Amazonia and Cerrado. Agricultural and Forest Meteorology, 
191, 33–50. https://doi.org/10.1016/j.agrformet.2014.02.008

Clark, M. P., Fan, Y., Lawrence, D. M., Adam, J. C., Bolster, D., Gochis, D. J., et al. (2015). Improving the representation of hydrologic processes 
in Earth System Models. Water Resources Research, 51(8), 5929–5956. https://doi.org/10.1002/2015WR017096

Condon, L. E., Atchley, A. L., & Maxwell, R. M. (2020). Evapotranspiration depletes groundwater under warming over the contiguous United 
States. Nature Communications, 11(1), 873. https://doi.org/10.1038/s41467-020-14688-0

Condon, L. E., Hering, A. S., & Maxwell, R. M. (2015). Quantitative assessment of groundwater controls across major US river basins using a 
multi-model regression algorithm. Advances in Water Resources, 82, 106–123. https://doi.org/10.1016/j.advwatres.2015.04.008

Condon, L. E., Markovich, K. H., Kelleher, C. A., McDonnell, J. J., Ferguson, G., & McIntosh, J. C. (2020). Where is the bottom of a watershed? 
Water Resources Research, 56(3), e2019WR026010. https://doi.org/10.1029/2019wr026010

Acknowledgments
The authors would like to thank the 
reviewers and the editor for their 
constructive comments which improved 
the organization and readability of the 
manuscript. This work was supported in 
part by the NSF CAREER program (grant 
number 1945195).

https://doi.org/10.1038/s41561-019-0374-y
https://doi.org/10.1623/hysj.48.3.317.45290
https://doi.org/10.1623/hysj.48.3.317.45290
https://doi.org/10.1111/j.1745-6584.2005.00052.x
https://doi.org/10.1029/2007jd009087
https://doi.org/10.1007/s10584-014-1308-8
https://doi.org/10.1038/s41558-020-0874-1
https://doi.org/10.1029/95wr01328
https://doi.org/10.1002/2015wr017173
https://doi.org/10.1002/2015wr017173
https://doi.org/10.1002/hyp.10391
https://doi.org/10.1175/2009JHM1034.1
https://doi.org/10.1029/2018wr023836
https://doi.org/10.1007/s10596-017-9696-2
https://doi.org/10.1016/j.agrformet.2014.02.008
https://doi.org/10.1002/2015WR017096
https://doi.org/10.1038/s41467-020-14688-0
https://doi.org/10.1016/j.advwatres.2015.04.008
https://doi.org/10.1029/2019wr026010


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

21 of 27

Condon, L. E., & Maxwell, R. M. (2015). Evaluating the relationship between topography and groundwater using outputs from a continental-scale 
integrated hydrology model. Water Resources Research, 51, 6602–6621. https://doi.org/10.1002/2014WR016774

Condon, L. E., & Maxwell, R. M. (2019). Simulating the sensitivity of evapotranspiration and streamflow to large-scale groundwater depletion. 
Science Advances, 5(6). https://doi.org/10.1126/sciadv.aav4574

Cuthbert, M. O., Gleeson, T., Moosdorf, N., Befus, K. M., Schneider, A., Hartmann, J., & Lehner, B. (2019). Global patterns and dynamics of 
climate–groundwater interactions. Nature Climate Change, 1, 137–141. https://doi.org/10.1038/s41558-018-0386-4

Cuthbert, M. O., Taylor, R. G., Favreau, G., Todd, M. C., Shamsudduha, M., Villholth, K. G., et al. (2019). Observed controls on resilience of 
groundwater to climate variability in sub-Saharan Africa. Nature, 572(7768), 230–234. https://doi.org/10.1038/s41586-019-1441-7

de Bruin, H. A. R., & Trigo, I. F. (2019). A new method to estimate reference crop evapotranspiration from geostationary satellite imagery: 
Practical considerations. Water, 11(2), 382. https://doi.org/10.3390/w11020382

de Graaf, I. E. M., Gleeson, T., van Beek, L. P. H., Sutanudjaja, E. H., & Bierkens, M. F. P. (2019). Environmental flow limits to global ground-
water pumping. Nature, 574(7776), 90–94. https://doi.org/10.1038/s41586-019-1594-4

de Graaf, I. E. M., Sutanudjaja, E. H., van Beek, L. P. H., & Bierkens, M. F. P. (2015). A high-resolution global-scale groundwater model. Hy-
drology and Earth System Sciences, 19(2), 823–837. https://doi.org/10.5194/hess-19-823-2015

de Graaf, I. E. M., van Beek, R. L. P. H., Gleeson, T., Moosdorf, N., Schmitz, O., Sutanudjaja, E. H., & Bierkens, M. F. P. (2017). A global-scale 
two-layer transient groundwater model: Development and application to groundwater depletion. Advances in Water Resources, 102, 53–67. 
https://doi.org/10.1016/j.advwatres.2017.01.011

Döll, P., Hoffmann-Dobrev, H., Portmann, F. T., Siebert, S., Eicker, A., Rodell, M., et al. (2012). Impact of water withdrawals from groundwater 
and surface water on continental water storage variations. Journal of Geodynamics, 59–60, 143–156. Retrieved from http://www.sciencedirect.
com/science/article/pii/S0264370711000597

Duffy, C. J., & Gelhar, L. W. (1985). A frequency domain approach to water quality modeling in groundwater: Theory. Water Resources Research, 
21(8), 1175–1184. https://doi.org/10.1029/wr021i008p01175

Dürr, H. H., Meybeck, M., & Dürr, S. H. (2005). Lithologic composition of the Earth's continental surfaces derived from a new digital map 
emphasizing riverine material transfer. Global Biogeochemical Cycles, 19(4).

Dwivedi, R., Knowles, J. F., Eastoe, C., Minor, R., Abramson, N., Mitra, B., et al. (2020). Ubiquitous fractal scaling and filtering behavior of 
hydrologic fluxes and storages from a mountain headwater catchment. Water, 12(2), 613. https://doi.org/10.3390/w12020613

Eltahir, E. A. B., & Yeh, P. J. (1999). On the asymmetric response of aquifer water level to floods and droughts in Illinois. Water Resources 
Research, 35(4), 1199–1217. https://doi.org/10.1029/1998wr900071

Erler, A. R., Frey, S. K., Khader, O., d'Orgeville, M., Park, Y.-J., Hwang, H.-T., et al. (2019). Simulating climate change impacts on surface 
water resources within a lake-affected region using regional climate projections. Water Resources Research, 55(1), 130–155. https://doi.
org/10.1029/2018wr024381

Fan, Y., Clark, M., Lawrence, D. M., Swenson, S., Band, L. E., Brantley, S. L., et al. (2019). Hillslope hydrology in global change research and 
earth system modeling. Water Resources Research, 55(2), 1737–1772. https://doi.org/10.1029/2018wr023903

Fan, Y., Li, H., & Miguez-Macho, G. (2013). Global patterns of groundwater table depth. Science, 339(6122), 940–943. https://doi.org/10.1126/
science.1229881

Fan, Y., & Miguez-Macho, G. (2010). Potential groundwater contribution to Amazon evapotranspiration. Hydrology and Earth System Sciences, 
14(10), 2039–2056. https://doi.org/10.5194/hess-14-2039-2010

Faunt, C. C. (Ed.), (2009). Groundwater availability of the central valley aquifer, California (Vol. 1766, p. 225). U.S. Geological Survey Pro-
fessional Paper.

Ferguson, I. M., & Maxwell, R. M. (2010). Role of groundwater in watershed response and land surface feedbacks under climate change. Water 
Resources Research, 46. https://doi.org/10.1029/2009wr008616

Fogg, G. E. (1986). Groundwater flow and sand body interconnectedness in a thick, multiple-aquifer system. Water Resources Research, 22(5), 
679–694. https://doi.org/10.1029/wr022i005p00679

Furusho-Percot, C., Goergen, K., Hartick, C., Kulkarni, K., Keune, J., & Kollet, S. (2019). Pan-European groundwater to atmosphere terrestrial 
systems climatology from a physically consistent simulation. Scientific Data, 6(1), 320. https://doi.org/10.1038/s41597-019-0328-7

Genereux, D. P., Nagy, L. A., Osburn, C. L., & Oberbauer, S. F. (2013). A connection to deep groundwater alters ecosystem carbon fluxes and 
budgets: Example from a Costa Rican rainforest. Geophysical Research Letters, 40(10), 2066–2070. https://doi.org/10.1002/grl.50423

Gleeson, T., Befus, K. M., Jasechko, S., Luijendijk, E., & Cardenas, M. B. (2016). The global volume and distribution of modern groundwater. 
Nature Geoscience, 9(2), 161–167. https://doi.org/10.1038/ngeo2590

Gleeson, T., Cuthbert, M., Ferguson, G., & Perrone, D. (2020). Global groundwater sustainability, systems and resources in the Anthropocene. 
Annual Review of Earth and Planetary Sciences, 48, 431–463. https://doi.org/10.1146/annurev-earth-071719-055251

Gleeson, T., Marklund, L., Smith, L., & Manning, A. H. (2011). Classifying the water table at regional to continental scales. Geophysical Re-
search Letters, 38(5). https://doi.org/10.1029/2010gl046427

Gleeson, T., Moosdorf, N., Hartmann, J., & van Beek, L. P. H. (2014). A glimpse beneath earth's surface: GLobal HYdrogeology MaPS (GL-
HYMPS) of permeability and porosity. Geophysical Research Letters, 41(11), 3891–3898. https://doi.org/10.1002/2014gl059856

Gleeson, T., Wagener, T., Doell, P., Bierkens, M., Wada, Y., Lo, M.-H., et al. (2021). GMD Perspective: The quest to improve the evaluation 
of groundwater representation in continental to global scale models, Geoscientific Model Development Discussions. https://doi.org/10.5194/
gmd-2021-97

Goderniaux, P., Brouyère, S., Fowler, H. J., Blenkinsop, S., Therrien, R., Orban, P., & Dassargues, A. (2009). Large scale surface–subsurface hy-
drological model to assess climate change impacts on groundwater reserves. Journal of Hydrology, 373(1), 122–138. https://doi.org/10.1016/j.
jhydrol.2009.04.017

Haddeland, I., Clark, D. B., Franssen, W., Ludwig, F., Voß, N. W., Bertrand, N., et al. (2011). Multimodel estimate of the global terrestrial water 
balance: Setup and first results. Journal of Hydrometeorology, 12(5), 869–884. https://doi.org/10.1175/2011jhm1324.1

Haddeland, I., Skaugen, T., & Lettenmaier, D. P. (2006). Anthropogenic impacts on continental surface water fluxes. Geophysical Research 
Letters, 33(8). https://doi.org/10.1029/2006gl026047

Hanasaki, N., Kanae, S., Oki, T., Masuda, K., Motoya, K., Shirakawa, N., et al. (2008). An integrated model for the assessment of global water 
resources—Part 1: Model description and input meteorological forcing. Hydrology and Earth System Sciences, 12(4), 1007–1025. https://doi.
org/10.5194/hess-12-1007-2008

Hartmann, J., & Moosdorf, N. (2012). The new global lithological map database GLiM: A representation of rock properties at the Earth surface. 
Geochemistry, Geophysics, Geosystems, 13(12). https://doi.org/10.1029/2012GC004370

Hill, M. C., & Tiedeman, C. R. (2006). Effective groundwater model calibration: With analysis of data, sensitivities, predictions, and uncertainty. 
John Wiley & Sons.

https://doi.org/10.1002/2014WR016774
https://doi.org/10.1126/sciadv.aav4574
https://doi.org/10.1038/s41558-018-0386-4
https://doi.org/10.1038/s41586-019-1441-7
https://doi.org/10.3390/w11020382
https://doi.org/10.1038/s41586-019-1594-4
https://doi.org/10.5194/hess-19-823-2015
https://doi.org/10.1016/j.advwatres.2017.01.011
http://www.sciencedirect.com/science/article/pii/S0264370711000597
http://www.sciencedirect.com/science/article/pii/S0264370711000597
https://doi.org/10.1029/wr021i008p01175
https://doi.org/10.3390/w12020613
https://doi.org/10.1029/1998wr900071
https://doi.org/10.1029/2018wr024381
https://doi.org/10.1029/2018wr024381
https://doi.org/10.1029/2018wr023903
https://doi.org/10.1126/science.1229881
https://doi.org/10.1126/science.1229881
https://doi.org/10.5194/hess-14-2039-2010
https://doi.org/10.1029/2009wr008616
https://doi.org/10.1029/wr022i005p00679
https://doi.org/10.1038/s41597-019-0328-7
https://doi.org/10.1002/grl.50423
https://doi.org/10.1038/ngeo2590
https://doi.org/10.1146/annurev-earth-071719-055251
https://doi.org/10.1029/2010gl046427
https://doi.org/10.1002/2014gl059856
https://doi.org/10.5194/gmd-2021-97
https://doi.org/10.5194/gmd-2021-97
https://doi.org/10.1016/j.jhydrol.2009.04.017
https://doi.org/10.1016/j.jhydrol.2009.04.017
https://doi.org/10.1175/2011jhm1324.1
https://doi.org/10.1029/2006gl026047
https://doi.org/10.5194/hess-12-1007-2008
https://doi.org/10.5194/hess-12-1007-2008
https://doi.org/10.1029/2012GC004370


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

22 of 27

Hughes, J. D., Langevin, C. D., & Banta, E. R. (2017). Documentation for the MODFLOW 6 framework. In U.S. geological survey techniques 
and methods, book (Vol. 6, p. 40). https://doi.org/10.3133/tm6A57

Huscroft, J., Gleeson, T., Hartmann, J., & Börker, J. (2018). Compiling and mapping global permeability of the unconsolidated and con-
solidated Earth: GLobal HYdrogeology MaPS 2.0 (GLHYMPS 2.0). Geophysical Research Letters, 45(4), 1897–1904. https://doi.
org/10.1002/2017gl075860

Keune, J., Gasper, F., Goergen, K., Hense, A., Shrestha, P., Sulis, M., & Kollet, S. (2016). Studying the influence of groundwater representations 
on land surface-atmosphere feedbacks during the European heat wave in 2003. Journal of Geophysical Research: Atmospheres, 121(22), 
13301–13325. https://doi.org/10.1002/2016JD025426

Keune, J., Sulis, M., Kollet, S., Siebert, S., & Wada, Y. (2018). Human water use impacts on the strength of the continental sink for atmospheric 
water. Geophysical Research Letters, 45(9), 4068–4076. https://doi.org/10.1029/2018gl077621

Kim, C. P., Stricker, J. N. M., & Feddes, R. A. (1997). Impact of soil heterogeneity on the water budget of the unsaturated zone. Water Resources 
Research, 33(5), 991–999. https://doi.org/10.1029/97wr00364

Kollet, S. J., Gasper, F., Brdar, S., Goergen, K., Hendricks-Franssen, H.-J., Keune, J., et al. (2018). Introduction of an experimental terrestrial 
forecasting/monitoring system at regional to continental scales based on the Terrestrial Systems Modeling Platform (v1.1.0). Water, 10(11), 
1697. https://doi.org/10.3390/w10111697

Kollet, S. J., & Maxwell, R. M. (2006). Integrated surface–groundwater flow modeling: A free-surface overland flow boundary condition in a 
parallel groundwater flow model. Advances in Water Resources, 29(7), 945–958. https://doi.org/10.1016/j.advwatres.2005.08.006

Kollet, S. J., Maxwell, R. M., Woodward, C. S., Smith, S., Vanderborght, J., Vereecken, H., & Simmer, C. (2010). Proof of concept of region-
al scale hydrologic simulations at hydrologic resolution utilizing massively parallel computer resources. Water Resources Research, 46(4). 
https://doi.org/10.1029/2009wr008730

Konikow, L. F. (2011). Contribution of global groundwater depletion since 1900 to sea-level rise. Geophysical Research Letters, 38(17). https://
doi.org/10.1029/2011gl048604

Koster, R. D., Dirmeyer, P. A., Guo, Z., Bonan, G., Chan, E., Cox, P., et al. (2004). Regions of strong coupling between soil moisture and precip-
itation. Science, 305(5687), 1138–1140. https://doi.org/10.1126/science.1100217

Koster, R. D., Mahanama, S. P. P., Yamada, T. J., Balsamo, G., Berg, A. A., Boisserie, M., et al. (2011). The second phase of the global land–
atmosphere coupling experiment: Soil moisture contributions to subseasonal forecast skill. Journal of Hydrometeorology, 12(5), 805–822. 
https://doi.org/10.1175/2011JHM1365.1

Koster, R. D., Mahanama, S. P. P., Yamada, T. J., Balsamo, G., Berg, A. A., Boisserie, M., et  al. (2010). Contribution of land surface in-
itialization to subseasonal forecast skill: First results from a multi-model experiment. Geophysical Research Letters, 37(2). https://doi.
org/10.1029/2009gl041677

Koster, R. D., & Walker, G. K. (2015). Interactive vegetation phenology, soil moisture, and monthly temperature forecasts. Journal of Hydrome-
teorology, 16(4), 1456–1465. https://doi.org/10.1175/JHM-D-14-0205.1

Lall, U., Josset, L., & Russo, T. (2020). A snapshot of the world's groundwater challenges. Annual Review of Environment and Resources, 45(1), 
171–194. https://doi.org/10.1146/annurev-environ-102017-025800

Lawrence, B. N., Rezny, M., Budich, R., Bauer, P., Behrens, J., Carter, M., et al. (2018). Crossing the chasm: How to develop weather and cli-
mate models for next generation computers? Geoscientific Model Development, 11(5), 1799–1821. https://doi.org/10.5194/gmd-11-1799-2018

Li, B., Rodell, M., Sheffield, J., Wood, E., & Sutanudjaja, E. (2019). Long-term, non-anthropogenic groundwater storage changes simulated by 
three global-scale hydrological models. Scientific Reports, 9(1), 10746. https://doi.org/10.1038/s41598-019-47219-z

Limberger, J., Boxem, T., Pluymaekers, M., Bruhn, D., Manzella, A., Calcagno, P., et al. (2018). Geothermal energy in deep aquifers: A global 
assessment of the resource base for direct heat utilization. Renewable and Sustainable Energy Reviews, 82, 961–975. https://doi.org/10.1016/j.
rser.2017.09.084

Liu, C., Liu, J., Hu, Y., Wang, H., & Zheng, C. (2016). Airborne thermal remote sensing for estimation of groundwater discharge to a river. 
Groundwater, 54(3), 363–373. https://doi.org/10.1111/gwat.12362

Lo, M.-H., & Famiglietti, J. S. (2010). Effect of water table dynamics on land surface hydrologic memory. Journal of Geophysical Research: 
Atmospheres, 115(D22). https://doi.org/10.1029/2010jd014191

Lo, M.-H., & Famiglietti, J. S. (2011). Precipitation response to land subsurface hydrologic processes in atmospheric general circulation model 
simulations. Journal of Geophysical Research, 116(D5). https://doi.org/10.1029/2010jd015134

Luijendijk, E., Gleeson, T., & Moosdorf, N. (2019). The flow of fresh groundwater and solutes to the world’s oceans and coastal ecosystems.
Ma, J., Liu, R., Tang, L. S., Lan, Z. D., & Li, Y. (2014). A downward CO2 flux seems to have nowhere to go. Biogeosciences, 11(22), 6251–6262. 

https://doi.org/10.5194/bg-11-6251-2014
Marchionni, V., Daly, E., Manoli, G., Tapper, N. J., Walker, J. P., & Fatichi, S. (2020). Groundwater buffers drought effects and climate variability 

in urban reserves. Water Resources Research, 56(5), e2019WR026192. https://doi.org/10.1029/2019wr026192
Markovich, K. H., Maxwell, R. M., & Fogg, G. E. (2016). Hydrogeological response to climate change in alpine hillslopes. Hydrological Pro-

cesses, 30(18), 3126–3138. https://doi.org/10.1002/hyp.10851
Markstrom, S. L., Niswonger, R. G., Regan, R. S., Prudic, D. E., & Barlow, P. M. (2008). GSFLOW-coupled ground-water and surface-water 

FLOW model based on the integration of the Precipitation-Runoff Modeling System (PRMS) and the Modular Ground-Water Flow Model 
(MODFLOW-2005). U.S. Geological Survey Techniques and Methods, 6-D1, 240. https://doi.org/10.3133/tm6d1

Maxwell, R. M., Chow, F. K., & Kollet, S. J. (2007). The groundwater-land-surface-atmosphere connection: Soil moisture effects on the at-
mospheric boundary layer in fully-coupled simulations. Advances in Water Resources, 30(12), 2447–2466. https://doi.org/10.1016/j.
advwatres.2007.05.018

Maxwell, R. M., & Condon, L. E. (2016). Connections between groundwater flow and transpiration partitioning. Science, 353(6297), 377–380. 
https://doi.org/10.1126/science.aaf7891

Maxwell, R. M., Condon, L. E., & Kollet, S. J. (2015). A high-resolution simulation of groundwater and surface water over most of the con-
tinental US with the integrated hydrologic model ParFlow v3. Geoscientific Model Development, 8(3), 923–937. https://doi.org/10.5194/
gmd-8-923-2015

Maxwell, R. M., Condon, L. E., Kollet, S. J., Maher, K., Haggerty, R., & Forrester, M. M. (2016). The imprint of climate and geology on the 
residence times of groundwater. Geophysical Research Letters, 43(2), 701–708. https://doi.org/10.1002/2015gl066916

Maxwell, R. M., & Kollet, S. J. (2008). Interdependence of groundwater dynamics and land-energy feedbacks under climate change. Nature 
Geoscience, 1(10), 665–669. https://doi.org/10.1038/ngeo315

McGregor, G. (2017). Hydroclimatology, modes of climatic variability and stream flow, lake and groundwater level variability: A progress report. 
Progress in Physical Geography: Earth and Environment, 41(4), 496–512. https://doi.org/10.1177/0309133317726537

https://doi.org/10.3133/tm6A57
https://doi.org/10.1002/2017gl075860
https://doi.org/10.1002/2017gl075860
https://doi.org/10.1002/2016JD025426
https://doi.org/10.1029/2018gl077621
https://doi.org/10.1029/97wr00364
https://doi.org/10.3390/w10111697
https://doi.org/10.1016/j.advwatres.2005.08.006
https://doi.org/10.1029/2009wr008730
https://doi.org/10.1029/2011gl048604
https://doi.org/10.1029/2011gl048604
https://doi.org/10.1126/science.1100217
https://doi.org/10.1175/2011JHM1365.1
https://doi.org/10.1029/2009gl041677
https://doi.org/10.1029/2009gl041677
https://doi.org/10.1175/JHM-D-14-0205.1
https://doi.org/10.1146/annurev-environ-102017-025800
https://doi.org/10.5194/gmd-11-1799-2018
https://doi.org/10.1038/s41598-019-47219-z
https://doi.org/10.1016/j.rser.2017.09.084
https://doi.org/10.1016/j.rser.2017.09.084
https://doi.org/10.1111/gwat.12362
https://doi.org/10.1029/2010jd014191
https://doi.org/10.1029/2010jd015134
https://doi.org/10.5194/bg-11-6251-2014
https://doi.org/10.1029/2019wr026192
https://doi.org/10.1002/hyp.10851
https://doi.org/10.3133/tm6d1
https://doi.org/10.1016/j.advwatres.2007.05.018
https://doi.org/10.1016/j.advwatres.2007.05.018
https://doi.org/10.1126/science.aaf7891
https://doi.org/10.5194/gmd-8-923-2015
https://doi.org/10.5194/gmd-8-923-2015
https://doi.org/10.1002/2015gl066916
https://doi.org/10.1038/ngeo315
https://doi.org/10.1177/0309133317726537


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

23 of 27

Miguez-Macho, G., & Fan, Y. (2012). The role of groundwater in the Amazon water cycle: 2. Influence on seasonal soil moisture and evapotran-
spiration. Journal of Geophysical Research: Atmospheres, 117(D15). https://doi.org/10.1029/2012jd017540

Niu, G.-Y., Yang, Z.-L., Dickinson, R. E., Gulden, L. E., & Su, H. (2007). Development of a simple groundwater model for use in climate 
models and evaluation with Gravity Recovery and Climate Experiment data. Journal of Geophysical Research, 112(D7). https://doi.
org/10.1029/2006jd007522

Paniconi, C., & Wood, E. F. (1993). A detailed model for simulation of catchment scale subsurface hydrologic processes. Water Resources Re-
search, 29(6), 1601–1620. https://doi.org/10.1029/92wr02333

Pelletier, J. D., Broxton, P. D., Hazenberg, P., Zeng, X., Troch, P. A., Niu, G.-Y., et al. (2016). A gridded global data set of soil, intact regolith, and 
sedimentary deposit thicknesses for regional and global land surface modeling. Journal of Advances in Modeling Earth Systems, 8(1), 41–65. 
https://doi.org/10.1002/2015ms000526

Perez-Valdivia, C., Sauchyn, D., & Vanstone, J. (2012). Groundwater levels and teleconnection patterns in the Canadian Prairies. Water Resources 
Research, 48(7).

Pokhrel, Y. N., Fan, Y., Miguez-Macho, G., Yeh, P. J.-F., & Han, S.-C. (2013). The role of groundwater in the Amazon water cycle: 3. Influence 
on terrestrial water storage computations and comparison with GRACE. Journal of Geophysical Research: Atmospheres, 118(8), 3233–3244. 
https://doi.org/10.1002/jgrd.50335

Pokhrel, Y. N., Hanasaki, N., Yeh, P. J.-F., Yamada, T. J., Kanae, S., & Oki, T. (2012). Model estimates of sea-level change due to anthropogenic 
impacts on terrestrial water storage. Nature Geoscience, 5(6), 389–392. https://doi.org/10.1038/ngeo1476

Reinecke, R., Foglia, L., Mehl, S., Trautmann, T., Cáceres, D., & Döll, P. (2019). Challenges in developing a global gradient-based groundwater 
model (G3M v1.0) for the integration into a global hydrological model. Geoscientific Model Development, 12(6), 2401–2418. https://doi.
org/10.5194/gmd-12-2401-2019

Richey, A. S., Thomas, B. F., Lo, M.-H., Reager, J. T., Famiglietti, J. S., Voss, K., et al. (2015). Quantifying renewable groundwater stress with 
GRACE. Water Resources Research, 51(7), 5217–5238. https://doi.org/10.1002/2015wr017349

Richts, A., Struckmeier, W., & Zaepke, M. (2011). WHYMAP and the Groundwater Resources Map of the World 1:25,000,000 (pp. 159–173). 
https://doi.org/10.1007/978-90-481-3426-7_10

Rodell, M., Famiglietti, J. S., Wiese, D. N., Reager, J. T., Beaudoing, H. K., Landerer, F. W., & Lo, M.-H. (2018). Emerging trends in global 
freshwater availability. Nature, 557(7707), 651–659. https://doi.org/10.1038/s41586-018-0123-1

Rodell, M., Velicogna, I., & Famiglietti, J. (2009). Satellite based estimates of groundwater depletion in India. Nature, 460, 999–1002. https://
doi.org/10.1038/nature08238

Rost, S., Gerten, D., Bondeau, A., Lucht, W., Rohwer, J., & Schaphoff, S. (2008). Agricultural green and blue water consumption and its influence 
on the global water system. Water Resources Research, 44(9). https://doi.org/10.1029/2007wr006331

Rust, W., Holman, I., Bloomfield, J., Cuthbert, M., & Corstanje, R. (2019). Understanding the potential of climate teleconnections to project 
future groundwater drought. Hydrology and Earth System Sciences Discussions, 1–35. https://doi.org/10.5194/hess-23-3233-2019

Rust, W., Holman, I., Corstanje, R., Bloomfield, J., & Cuthbert, M. (2018). A conceptual model for climatic teleconnection signal control on 
groundwater variability in Europe. Earth-Science Reviews, 177, 164–174. https://doi.org/10.1016/j.earscirev.2017.09.017

Sahs, M. K. (2018). Essentials of Texas water resources.
Scanlon, B. R., Zhang, Z., Save, H., Sun, A. Y., Schmied, H. M., Beek, L. P. H. V., et al. (2018). Global models underestimate large decadal declin-

ing and rising water storage trends relative to GRACE satellite data. Proceedings of the National Academy of Sciences, 115(6), E1080–E1089. 
https://doi.org/10.1073/pnas.1704665115

Schlemmer, L., Schär, C., Lüthi, D., & Strebel, L. (2018). A groundwater and runoff formulation for weather and climate models. Journal of 
Advances in Modeling Earth Systems, 10(8), 1809–1832. https://doi.org/10.1029/2017ms001260

Senger, R. K., & Fogg, G. E. (1987). Regional underpressuring in Deep Brine Aquifers, Palo Duro Basin, Texas: 1. Effects of hydrostratigraphy 
and topography. Water Resources Research, 23(8), 1481–1493. https://doi.org/10.1029/wr023i008p01481

Seuffert, G., Gross, P., Simmer, C., & Wood, E. F. (2002). The influence of hydrologic modeling on the predicted local weather: Two-way cou-
pling of a mesoscale weather prediction model and a land surface hydrologic model. Journal of Hydrometeorology, 3(5), 505–523. https://doi.
org/10.1175/1525-7541(2002)003<0505:tiohmo>2.0.co;2

Shangguan, W., Hengl, T., Jesus, J. M. D., Yuan, H., & Dai, Y. (2017). Mapping the global depth to bedrock for land surface modeling. Journal 
of Advances in Modeling Earth Systems, 9(1), 65–88. https://doi.org/10.1002/2016ms000686

Siebert, S., Burke, J., Faures, J. M., Frenken, K., Hoogeveen, J., Döll, P., & Portmann, F. T. (2010). Groundwater use for irrigation—A global 
inventory. Hydrology and Earth System Sciences, 14(10), 1863–1880. https://doi.org/10.5194/hess-14-1863-2010

Sood, A., & Smakhtin, V. (2015). Global hydrological models: A review. Hydrological Sciences Journal, 60(4), 549–565. https://doi.org/10.10
80/02626667.2014.950580

Staal, A., Tuinenburg, O., Bosmans, J., Holmgren, M., Nes, E., Scheffer, M., et al. (2018). Forest-rainfall cascades buffer against drought across 
the Amazon. Nature Climate Change, 8. https://doi.org/10.1038/s41558-018-0177-y

Stoll, S., Hendricks Franssen, H. J., Butts, M., & Kinzelbach, W. (2011). Analysis of the impact of climate change on groundwater related hydro-
logical fluxes: A multi-model approach including different downscaling methods. Hydrology and Earth System Sciences, 15(1), 21–38. https://
doi.org/10.5194/hess-15-21-2011

Sulis, M., Paniconi, C., Marrocu, M., Huard, D., & Chaumont, D. (2012). Hydrologic response to multimodel climate output using a physically 
based model of groundwater/surface water interactions. Water Resources Research, 48(12). https://doi.org/10.1029/2012wr012304

Sutanto, S. J., Wetterhall, F., & Van Lanen, H. A. J. (2020). Hydrological drought forecasts outperform meteorological drought forecasts. Envi-
ronmental Research Letters, 15(8), 084010. https://doi.org/10.1088/1748-9326/ab8b13

Tague, C., Grant, G., Farrell, M., Choate, J., & Jefferson, A. (2008). Deep groundwater mediates streamflow response to climate warming in the 
Oregon Cascades. Climatic Change, 86(1), 189–210. https://doi.org/10.1007/s10584-007-9294-8

Taylor, R. G., Scanlon, B., Döll, P., Rodell, M., Beek, R. V., Wada, Y., et al. (2013). Ground water and climate change. Nature Climate Change, 
3(4), 322–329. https://doi.org/10.1038/nclimate1744

Tellus (2012). Grace monthly land water mass grids NETCDF release 5.0. Retrieved from http://podaac.jpl.nasa.gov/dataset/
TELLUS_LAND_NC_RL05

Texas Water Development Board. (2020). Groundwater availability models. Retrieved from https://www.twdb.texas.gov/groundwater/models/
gam/index.asp

Therrien, R., & Sudicky, E. A. (1996). Three-dimensional analysis of variably-saturated flow and solute transport in discretely-fractured porous 
media. Journal of Contaminant Hydrology, 23(1), 1–44. https://doi.org/10.1016/0169-7722(95)00088-7

van Beek, L. P. H., Wada, Y., & Bierkens, M. F. P. (2011). Global monthly water stress: 1. Water balance and water availability. Water Resources 
Research, 47(7). https://doi.org/10.1029/2010wr009791

https://doi.org/10.1029/2012jd017540
https://doi.org/10.1029/2006jd007522
https://doi.org/10.1029/2006jd007522
https://doi.org/10.1029/92wr02333
https://doi.org/10.1002/2015ms000526
https://doi.org/10.1002/jgrd.50335
https://doi.org/10.1038/ngeo1476
https://doi.org/10.5194/gmd-12-2401-2019
https://doi.org/10.5194/gmd-12-2401-2019
https://doi.org/10.1002/2015wr017349
https://doi.org/10.1007/978-90-481-3426-7_10
https://doi.org/10.1038/s41586-018-0123-1
https://doi.org/10.1038/nature08238
https://doi.org/10.1038/nature08238
https://doi.org/10.1029/2007wr006331
https://doi.org/10.5194/hess-23-3233-2019
https://doi.org/10.1016/j.earscirev.2017.09.017
https://doi.org/10.1073/pnas.1704665115
https://doi.org/10.1029/2017ms001260
https://doi.org/10.1029/wr023i008p01481
https://doi.org/10.1175/1525-7541(2002)003%3C0505:tiohmo%3E2.0.co;2
https://doi.org/10.1175/1525-7541(2002)003%3C0505:tiohmo%3E2.0.co;2
https://doi.org/10.1002/2016ms000686
https://doi.org/10.5194/hess-14-1863-2010
https://doi.org/10.1080/02626667.2014.950580
https://doi.org/10.1080/02626667.2014.950580
https://doi.org/10.1038/s41558-018-0177-y
https://doi.org/10.5194/hess-15-21-2011
https://doi.org/10.5194/hess-15-21-2011
https://doi.org/10.1029/2012wr012304
https://doi.org/10.1088/1748-9326/ab8b13
https://doi.org/10.1007/s10584-007-9294-8
https://doi.org/10.1038/nclimate1744
http://podaac.jpl.nasa.gov/dataset/TELLUS_LAND_NC_RL05
http://podaac.jpl.nasa.gov/dataset/TELLUS_LAND_NC_RL05
https://www.twdb.texas.gov/groundwater/models/gam/index.asp
https://www.twdb.texas.gov/groundwater/models/gam/index.asp
https://doi.org/10.1016/0169-7722(95)00088-7
https://doi.org/10.1029/2010wr009791


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

24 of 27

Van Loon, A., Kumar, R., & Mishra, V. (2017). Testing the use of standardised indices and GRACE satellite data to estimate the European 2015 
groundwater drought in near-real time. Hydrology and Earth System Sciences, 21. https://doi.org/10.5194/hess-21-1947-2017

Vereecken, H., Weihermuller, L., Assouline, S., Simunek, J., Verhoef, A., Herbst, M., et al. (2019). Infiltration from the Pedon to Global Grid 
Scales: An overview and outlook for land surface modeling. Vadose Zone Journal, 18(1). https://doi.org/10.2136/vzj2018.10.0191

Voisin, N., Li, H., Ward, D., Huang, M., Wigmosta, M., & Leung, L. R. (2013). On an improved sub-regional water resources management 
representation for integration into earth system models. Hydrology and Earth System Sciences, 17(9), 3605–3622. https://doi.org/10.5194/
hess-17-3605-2013

Wada, Y., Beek, L. P. H. V., Kempen, C. M. V., Reckman, J. W. T. M., Vasak, S., & Bierkens, M. F. P. (2010). Global depletion of groundwater 
resources. Geophysical Research Letters, 37(20). https://doi.org/10.1029/2010gl044571

Wada, Y., de Graaf, I. E. M., & Beek, L. P. H. V. (2016). High-resolution modeling of human and climate impacts on global water resources. 
Journal of Advances in Modeling Earth Systems, 8(2), 735–763. https://doi.org/10.1002/2015ms000618

Warszawski, L., Frieler, K., Huber, V., Piontek, F., Serdeczny, O., & Schewe, J. (2014). The Inter-Sectoral Impact Model Intercomparison 
Project (ISI–MIP): Project framework. Proceedings of the National Academy of Sciences, 111(9), 3228–3232. https://doi.org/10.1073/
pnas.1312330110. Retrieved from https://www.pnas.org/content/pnas/111/9/3228.full.pdf

Watkins, M. M., Wiese, D. N., Yuan, D.-N., Boening, C., & Landerer, F. W. (2015). Improved methods for observing Earth's time variable 
mass distribution with GRACE using spherical cap mascons. Journal of Geophysical Research: Solid Earth, 120(4), 2648–2671. https://doi.
org/10.1002/2014jb011547

Wilson, J. L., & Guan, H. (2004). Mountain-block hydrology and mountain-front recharge. In Groundwater recharge in a desert environment: 
The Southwestern United States (Vol. 9). https://doi.org/10.1029/009wsa08

Wisser, D., Fekete, B. M., Vörösmarty, C. J., & Schumann, A. H. (2010). Reconstructing 20th century global hydrography: A contribution to the 
Global Terrestrial Network- Hydrology (GTN-H). Hydrology and Earth System Sciences, 14(1), 1–24. https://doi.org/10.5194/hess-14-1-2010

Wood, E. F., Roundy, J. K., Troy, T. J., van Beek, L. P. H., Bierkens, M. F. P., Blyth, E., et al. (2011). Hyperresolution global land surface 
modeling: Meeting a grand challenge for monitoring earth’s terrestrial water. Water Resources Research, 47, W05301. https://doi.
org/10.1029/2010wr010090

Wörman, A., Packman, A. I., Marklund, L., Harvey, J. W., & Stone, S. H. (2007). Fractal topography and subsurface water flows from fluvial 
bedforms to the continental shield. Geophysical Research Letters, 34(7).

York, J. P., Person, M., Gutowski, W. J., & Winter, T. C. (2002). Putting aquifers into atmospheric simulation models: An example from the 
Mill Creek Watershed, northeastern Kansas. Advances in Water Resources, 25(2), 221–238. https://doi.org/10.1016/s0309-1708(01)00021-5

Zhang, Y.-K., & Schilling, K. E. (2004). Temporal scaling of hydraulic head and river base flow and its implications for groundwater recharge. 
Water Resources Research, 40(W03504). https://doi.org/10.1029/2003wr002094

Zipper, S. C., Keune, J., & Kollet, S. (2019). Land use change impacts on European heat and drought: Remote land-atmosphere feedbacks miti-
gated locally by shallow groundwater. Environmental Research Letters, 14. https://doi.org/10.1088/1748-9326/ab0db3

References From the Supporting Information
Abesser, C., Ciocca, F., Findlay, J., Hannah, D., Blaen, P., Chalari, A., et al. (2020). A distributed heat pulse sensor network for thermo-hydraulic 

monitoring of the soil subsurface. The Quarterly Journal of Engineering Geology and Hydrogeology, 53(3), 352–365. https://doi.org/10.1144/
qjegh2018-147 Retrieved from https://qjegh.lyellcollection.org/content/qjegh/53/3/352.full.pdf

Ajami, H., Evans, J. P., McCabe, M. F., & Stisen, S. (2014). Technical note: Reducing the spin-up time of integrated surface water-groundwater 
models. Hydrology and Earth System Sciences, 18(12), 5169–5179. https://doi.org/10.5194/hess-18-5169-2014

Allison, G. B., Cook, P. G., Barnett, S. R., Walker, G. R., Jolly, I. D., & Hughes, M. W. (1990). Land clearance and river salinization in The 
Western Murray Basin, Australia. Journal of Hydrology, 119(1–4), 1–20. https://doi.org/10.1016/0022-1694(90)90030-2

Allison, G. B., Gee, G. W., & Tyler, S. W. (1994). Vadose-zone techniques for estimating groundwater recharge in arid and semiarid regions. Soil 
Science Society of America Journal, 58(1), 6–14. https://doi.org/10.2136/sssaj1994.03615995005800010002x

Anyah, R. O., Weaver, C. P., Miguez-Macho, G., Fan, Y., & Robock, A. (2008). Incorporating water table dynamics in climate modeling: 
3. Simulated groundwater influence on coupled land-atmosphere variability. Journal of Geophysical Research, 113(D7). https://doi.
org/10.1029/2007jd009087

Araya, Y. N., Silvertown, J., Gowing, D. J., McConway, K. J., Linder, H. P., & Midgley, G. (2011). A fundamental, eco-hydrological basis for 
niche segregation in plant communities. New Phytologist, 189(1), 253–258. https://doi.org/10.1111/j.1469-8137.2010.03475.x

Barbeta, A., & Peñuelas, J. (2017). Relative contribution of groundwater to plant transpiration estimated with stable isotopes. Scientific Reports, 
7(1), 1–10. https://doi.org/10.1038/s41598-017-09643-x

Barron, O. V., Barr, A. D., & Donn, M. J. (2013). Effect of urbanisation on the water balance of a catchment with shallow groundwater. Journal 
of Hydrology, 485, 162–176. https://doi.org/10.1016/j.jhydrol.2012.04.027

Beven, K., & Germann, P. (2013). Macropores and water flow in soils revisited. Water Resources Research, 49(6), 3071–3092. https://doi.
org/10.1002/wrcr.20156

Bierkens, M. F. P. (1996). Modeling hydraulic conductivity of a complex confining layer at various spatial scales. Water Resources Research, 
32(8), 2369–2382. https://doi.org/10.1029/96wr01465

Bierkens, M. F. P., & Hurk, B. J. J. M. V. D. (2007). Groundwater convergence as a possible mechanism for multi-year persistence in rainfall. 
Geophysical Research Letters, 34(2). https://doi.org/10.1029/2006gl028396

Bierkens, M. F. P., & Wada, Y. (2019). Non-renewable groundwater use and groundwater depletion: A review. Environmental Research Letters, 
14(6). https://doi.org/10.1088/1748-9326/ab1a5f

Blandford, N. T., Blazer, D. J., Calhoun, K. C., Naing, T., Reedy, R. C., & Scanlon, B. R. (2003). Groundwater availability of the Southern Ogal-
lala aquifer in Texas and New Mexico: Numerical simulations through 2050. Tex. Water Dev. Board.

Bredehoeft, J. D., & Young, R. A. (1983). Conjunctive use of groundwater and surface water for irrigated agriculture: Risk aversion. Water Re-
sources Research, 19(5), 1111–1121. https://doi.org/10.1029/wr019i005p01111

Brunner, P., Simmons, C. T., Cook, P. G., & Therrien, R. (2010). Modeling Surface Water-Groundwater Interaction with MODFLOW: Some 
Considerations. Ground Water, 48(2), 174–180. https://doi.org/10.1111/j.1745-6584.2009.00644.x

Cardenas, M. B., & Jiang, X.-W. (2010). Groundwater flow, transport, and residence times through topography-driven basins with exponentially 
decreasing permeability and porosity. Water Resources Research, 46(11). https://doi.org/10.1029/2010wr009370

Carle, S. F., & Fogg, G. E. (1996). Transition probability-based indicator geostatistics. Mathematical Geology, 28(4), 453–476. 
https://doi.org/10.1007/bf02083656

https://doi.org/10.5194/hess-21-1947-2017
https://doi.org/10.2136/vzj2018.10.0191
https://doi.org/10.5194/hess-17-3605-2013
https://doi.org/10.5194/hess-17-3605-2013
https://doi.org/10.1029/2010gl044571
https://doi.org/10.1002/2015ms000618
https://doi.org/10.1073/pnas.1312330110
https://doi.org/10.1073/pnas.1312330110
https://www.pnas.org/content/pnas/111/9/3228.full.pdf
https://doi.org/10.1002/2014jb011547
https://doi.org/10.1002/2014jb011547
https://doi.org/10.1029/009wsa08
https://doi.org/10.5194/hess-14-1-2010
https://doi.org/10.1029/2010wr010090
https://doi.org/10.1029/2010wr010090
https://doi.org/10.1016/s0309-1708(01)00021-5
https://doi.org/10.1029/2003wr002094
https://doi.org/10.1088/1748-9326/ab0db3
https://doi.org/10.1144/qjegh2018-147
https://doi.org/10.1144/qjegh2018-147
https://qjegh.lyellcollection.org/content/qjegh/53/3/352.full.pdf
https://doi.org/10.5194/hess-18-5169-2014
https://doi.org/10.1016/0022-1694(90)90030-2
https://doi.org/10.2136/sssaj1994.03615995005800010002x
https://doi.org/10.1029/2007jd009087
https://doi.org/10.1029/2007jd009087
https://doi.org/10.1111/j.1469-8137.2010.03475.x
https://doi.org/10.1038/s41598-017-09643-x
https://doi.org/10.1016/j.jhydrol.2012.04.027
https://doi.org/10.1002/wrcr.20156
https://doi.org/10.1002/wrcr.20156
https://doi.org/10.1029/96wr01465
https://doi.org/10.1029/2006gl028396
https://doi.org/10.1088/1748-9326/ab1a5f
https://doi.org/10.1029/wr019i005p01111
https://doi.org/10.1111/j.1745-6584.2009.00644.x
https://doi.org/10.1029/2010wr009370
https://doi.org/10.1007/bf02083656


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

25 of 27

Carle, S. F., Labolle, E. M., Weissmann, G. S., Brocklin, D. V., Fogg, G. E., Fraser, G. S., & Davis, J. M. (1998). Conditional simulation of 
hydrofacies architecture: A transition probability/markov approach. In Hydrogeologic models of sedimentary aquifers (Vol. 1). SEPM Society 
for Sedimentary Geology.

Carroll, R. W. H., Deems, J. S., Niswonger, R. G., Schumer, R., & Williams, K. H. (2019). The importance of interflow to groundwater recharge 
in a snowmelt-dominated headwater basin. Geophysical Research Letters, 46(11), 5899–5908. https://doi.org/10.1029/2019gl082447

Changming, L., Jingjie, Y., & Kendy, E. (2001). Groundwater exploitation and its impact on the environment in the North China Plain. Water 
International, 26(2), 265–272. https://doi.org/10.1080/02508060108686913

Chesnaux, R. (2018). Avoiding confusion between pressure front pulse displacement and groundwater displacement: Illustration with the pump-
ing test in a confined aquifer. Hydrological Processes, 32(24), 3689–3694. https://doi.org/10.1002/hyp.13279

Clapp, R. B., & Hornberger, G. M. (1978). Empirical equations for some soil hydraulic properties. Water Resources Research, 14(4), 601–604. 
https://doi.org/10.1029/wr014i004p00601

Clauser, C. (1992). Permeability of crystalline rocks. Eos, Transactions American Geophysical Union, 73(21), 233–238. https://doi.
org/10.1029/91eo00190

Collins, S. L., Loveless, S. E., Muddu, S., Buvaneshwari, S., Palamakumbura, R. N., Krabbendam, M., et  al. (2020). Groundwater connec-
tivity of a sheared gneiss aquifer in the Cauvery River basin, India. Hydrogeology Journal, 28(4), 1371–1388. https://doi.org/10.1007/
s10040-020-02140-y

Comte, J.-C., Cassidy, R., Nitsche, J., Ofterdinger, U., Pilatova, K., & Flynn, R. (2012). The typology of Irish hard-rock aquifers based on an 
integrated hydrogeological and geophysical approach. Hydrogeology Journal, 20(8), 1569–1588. https://doi.org/10.1007/s10040-012-0884-9

Condon, L. E., & Maxwell, R. M. (2019). Simulating the sensitivity of evapotranspiration and streamflow to large-scale groundwater depletion. 
Science Advances, 5(6), eaav4574. https://doi.org/10.1126/sciadv.aav4574

Cosby, B. J., Hornberger, G. M., Clapp, R. B., & Ginn, T. R. (1984). A statistical exploration of the relationships of soil moisture characteristics 
to the physical properties of soils. Water Resources Research, 20(6), 682–690. https://doi.org/10.1029/wr020i006p00682

Cuthbert, M. O., Acworth, R. I., Andersen, M. S., Larsen, J. R., McCallum, A. M., Rau, G. C., & Tellam, J. H. (2016). Understanding and 
quantifying focused, indirect groundwater recharge from ephemeral streams using water table fluctuations. Water Resources Research, 52(2), 
827–840. https://doi.org/10.1002/2015wr017503

Cuthbert, M. O., Gleeson, T., Moosdorf, N., Befus, K. M., Schneider, A., Hartmann, J., & Lehner, B. (2019). Global patterns and dynamics of 
climate–groundwater interactions. Nature Climate Change, 9(2), 137–141. https://doi.org/10.1038/s41558-018-0386-4

Dai, Y., Xin, Q., Wei, N., Zhang, Y., Shangguan, W., Yuan, H., et al. (2019). A global high-resolution data set of soil hydraulic and thermal prop-
erties for land surface modeling. Journal of Advances in Modeling Earth Systems, 11(9), 2996–3023. https://doi.org/10.1029/2019ms001784

Dawson, C. (2008). A continuous/discontinuous Galerkin framework for modeling coupled subsurface and surface water flow. Computational 
Geosciences, 12(4), 451–472. https://doi.org/10.1007/s10596-008-9085-y

Decharme, B., Douville, H., Boone, A., Habets, F., & Noilhan, J. (2006). Impact of an exponential profile of saturated hydraulic conductivity 
within the ISBA LSM: Simulations over the Rhône Basin. Journal of Hydrometeorology, 7(1), 61–80. https://doi.org/10.1175/JHM469.1

Dennehy, K. F., Litke, D. W., & McMahon, P. B. (2002). The high plains aquifer, USA: Groundwater development and sustainability. Geological 
Society, London, Special Publications, 193(1), 99–119. https://doi.org/10.1144/gsl.sp.2002.193.01.09

Ek, M. B., & Holtslag, A. A. M. (2004). Influence of soil moisture on boundary layer cloud development. Journal of Hydrometeorology, 5(1), 
862–899. https://doi.org/10.1175/1525-7541(2004)005<0086:iosmob>2.0.co;2

Evaristo, J., & McDonnell, J. J. (2017). Prevalence and magnitude of groundwater use by vegetation: A global stable isotope meta-analysis. Sci-
entific Reports, 7, 44110. https://doi.org/10.1038/srep44110

Famiglietti, J. S., Lo, M., Ho, S. L., Bethune, J., Anderson, K. J., Syed, T. H., et al. (2011). Satellites measure recent rates of groundwater depletion 
in California's Central Valley. Geophysical Research Letters, 38(3). https://doi.org/10.1029/2010gl046442

Favreau, G., Leduc, C., Marlin, C., Dray, M., Taupin, J. D., Massault, M., et al. (2002). Estimate of recharge of a rising water table in semiarid 
Niger from H-3 and C-14 modeling. Ground Water, 40(2), 144–151. https://doi.org/10.1111/j.1745-6584.2002.tb02499.x

Feng, W., Zhong, M., Lemoine, J.-M., Biancale, R., Hsu, H.-T., & Xia, J. (2013). Evaluation of groundwater depletion in North China using the 
Gravity Recovery and Climate Experiment (GRACE) data and ground-based measurements. Water Resources Research, 49(4), 2110–2118. 
https://doi.org/10.1002/wrcr.20192

Fogg, G. E., Carle, S. F., & Green, C. (2000). Connected-network paradigm for the alluvial aquifer system. In D. Zhang, & C. L. Winter (Eds.), 
Theory, modeling, and field investigation in hydrogeology: A special volume in honor of Shlomo P. Neumans 60th birthday (Vol. 348). Geo-
logical Society of America. https://doi.org/10.1130/0-8137-2348-5.25

Fogg, G. E., & Zhang, Y. (2016). Debates—Stochastic subsurface hydrology from theory to practice: A geologic perspective. Water Resources 
Research, 52(12), 9235–9245. https://doi.org/10.1002/2016wr019699

Fourier, J. (1955). The analytical theory of heat. Dover Publishers.
Gao, Z. M., Liu, H. P., Missik, J. E. C., Yao, J. Y., Huang, M. Y., Chen, X. Y., et al. (2019). Mechanistic links between underestimated CO2 

fluxes and non-closure of the surface energy balance in a semi-arid sagebrush ecosystem. Environmental Research Letters, 14(4). https://doi.
org/10.1088/1748-9326/ab082d

Gilbert, J. M., Maxwell, R. M., & Gochis, D. J. (2017). Effects of water-table configuration on the planetary boundary layer over the San Joaquin 
River Watershed, California. Journal of Hydrometeorology, 18(5), 1471–1488. https://doi.org/10.1175/JHM-D-16-0134.1

Goldewijk, K. K. (2001). Estimating global land use change over the past 300 years: The HYDE database. Global Biogeochemical Cycles, 15(2), 
417–433. https://doi.org/10.1029/1999gb001232

Gordon, L. J., Steffen, W., Jonsson, B. F., Folke, C., Falkenmark, M., & Johannessen, A. (2005). Human modification of global water vapor flows 
from the land surface. Proceedings of the National Academy of Sciences of the United States of America, 102(21), 7612–7617. https://doi.
org/10.1073/pnas.0500208102

Gowing, D., Lawson, C., Youngs, E., Barber, K., Rodwell, J., Prosser, M., et al. (2002). The water regime requirements and the response to 
hydrological change of grassland plant communities.

Harter, T. (2005). Finite-size scaling analysis of percolation in three-dimensional correlated binary Markov chain random fields. Physical Review 
E, 72(2), 026120. https://doi.org/10.1103/physreve.72.026120

Hu, L. Y., & Chugunova, T. (2008). Multiple-point geostatistics for modeling subsurface heterogeneity: A comprehensive review. Water Resourc-
es Research, 44(11). https://doi.org/10.1029/2008wr006993

Huntington, J. L., & Niswonger, R. G. (2012). Role of surface-water and groundwater interactions on projected summertime streamflow in snow 
dominated regions: An integrated modeling approach. Water Resources Research, 48(11). https://doi.org/10.1029/2012wr012319

Jackson, T. J. (2002). Remote sensing of soil moisture: Implications for groundwater recharge. Hydrogeology Journal, 10(1), 40–51. 
https://doi.org/10.1007/s10040-001-0168-2

https://doi.org/10.1029/2019gl082447
https://doi.org/10.1080/02508060108686913
https://doi.org/10.1002/hyp.13279
https://doi.org/10.1029/wr014i004p00601
https://doi.org/10.1029/91eo00190
https://doi.org/10.1029/91eo00190
https://doi.org/10.1007/s10040-020-02140-y
https://doi.org/10.1007/s10040-020-02140-y
https://doi.org/10.1007/s10040-012-0884-9
https://doi.org/10.1126/sciadv.aav4574
https://doi.org/10.1029/wr020i006p00682
https://doi.org/10.1002/2015wr017503
https://doi.org/10.1038/s41558-018-0386-4
https://doi.org/10.1029/2019ms001784
https://doi.org/10.1007/s10596-008-9085-y
https://doi.org/10.1175/JHM469.1
https://doi.org/10.1144/gsl.sp.2002.193.01.09
https://doi.org/10.1175/1525-7541(2004)005%3C0086:iosmob%3E2.0.co;2
https://doi.org/10.1038/srep44110
https://doi.org/10.1029/2010gl046442
https://doi.org/10.1111/j.1745-6584.2002.tb02499.x
https://doi.org/10.1002/wrcr.20192
https://doi.org/10.1130/0-8137-2348-5.25
https://doi.org/10.1002/2016wr019699
https://doi.org/10.1088/1748-9326/ab082d
https://doi.org/10.1088/1748-9326/ab082d
https://doi.org/10.1175/JHM-D-16-0134.1
https://doi.org/10.1029/1999gb001232
https://doi.org/10.1073/pnas.0500208102
https://doi.org/10.1073/pnas.0500208102
https://doi.org/10.1103/physreve.72.026120
https://doi.org/10.1029/2008wr006993
https://doi.org/10.1029/2012wr012319
https://doi.org/10.1007/s10040-001-0168-2


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

26 of 27

Johansen, O. M., Jensen, J. B., & Pedersen, M. L. (2014). From groundwater abstraction to vegetative response in fen ecosystems. Hydrological 
Processes, 28(4), 2396–2410. https://doi.org/10.1002/hyp.9808

Jones, J. E., & Woodward, C. S. (2001). Newton-Krylov-Multigrid solvers for large-scale, highly heterogeneous, variably saturated flow prob-
lems. Advances in Water Resources, 24(7), 763–774. https://doi.org/10.1016/s0309-1708(00)00075-0

Kinzel, P. J., & Legleiter, C. J. (2019). sUAS-Based Remote Sensing of River Discharge Using Thermal Particle Image Velocimetry and Bathy-
metric Lidar. Remote Sensing, 11(2317). https://doi.org/10.3390/rs11192317

Kirk, S., & Herbert, A. W. (2002). Assessing the impact of groundwater abstractions on river flows. Geological Society, London, Special Publi-
cations, 193(1), 211–233. https://doi.org/10.1144/gsl.sp.2002.193.01.16

Klingbeil, R., Kleineidam, S., Asprion, U., Aigner, T., & Teutsch, G. (1999). Relating lithofacies to hydrofacies: Outcrop-based hydrogeological 
characterisation of Quaternary gravel deposits. Sedimentary Geology, 129(3–4), 299–310. https://doi.org/10.1016/s0037-0738(99)00067-6

Koeniger, P., Gaj, M., Beyer, M., & Himmelsbach, T. (2016). Review on soil water isotope-based groundwater recharge estimations. Hydrological 
Processes, 30(16), 2817–2834. https://doi.org/10.1002/hyp.10775

Koirala, S., Jung, M., Reichstein, M., de Graaf, I. E. M., Camps-Valls, G., Ichii, K., et al. (2017). Global distribution of groundwater-vegetation 
spatial covariation. Geophysical Research Letters, 44(9), 4134–4142. https://doi.org/10.1002/2017gl072885

Koirala, S., Kim, H., Hirabayashi, Y., Kanae, S., & Oki, T. (2019). Sensitivity of global hydrological simulations to groundwater capillary flux 
parameterizations. Water Resources Research, 55(1), 402–425. https://doi.org/10.1029/2018wr023434

Kollet, S. J., & Maxwell, R. M. (2008). Demonstrating fractal scaling of baseflow residence time distributions using a fully-coupled groundwater 
and land surface model. Geophysical Research Letters, 35(7). https://doi.org/10.1029/2008gl033215

Konikow, L. F., & Kendy, E. (2005). Groundwater depletion: A global problem. Hydrogeology Journal, 13(1), 317–320. https://doi.org/10.1007/
s10040-004-0411-8

Leaney, F. W., & Herczeg, A. L. (1995). Regional recharge to a Karst Aquifer estimated from chemical and isotopic composition of diffuse and 
localized recharge, South Australia. Journal of Hydrology, 164(1–4), 363–387. https://doi.org/10.1016/0022-1694(94)02488-w

Lerner, D. N. (2002). Identifying and quantifying urban recharge: A review. Hydrogeology Journal, 10(1), 143–152. https://doi.org/10.1007/
s10040-001-0177-1

Liu, B., Guan, H., Zhao, W., Yang, Y., & Li, S. (2017). Groundwater facilitated water-use efficiency along a gradient of groundwater depth in arid 
northwestern China. Agricultural and Forest Meteorology, 233, 235–241. https://doi.org/10.1016/j.agrformet.2016.12.003

Loheide, S. P., & Gorelick, S. M. (2007). Riparian hydroecology: A coupled model of the observed interactions between groundwater flow and 
meadow vegetation patterning. Water Resources Research, 43(7). https://doi.org/10.1029/2006wr005233

Lowry, C. S., & Loheide, S. P. (2010). Groundwater-dependent vegetation: Quantifying the groundwater subsidy. Water Resources Research, 46. 
https://doi.org/10.1029/2009wr008874

MacDonald, A. M., Bonsor, H. C., Ahmed, K. M., Burgess, W. G., Basharat, M., Calow, R. C., et al. (2016). Groundwater quality and depletion in 
the Indo-Gangetic Basin mapped from in situ observations. Nature Geoscience, 9(10), 762–766. https://doi.org/10.1038/ngeo2791

Marthews, T. R., Quesada, C. A., Galbraith, D. R., Malhi, Y., Mullins, C. E., Hodnett, M. G., & Dharssi, I. (2014). High-resolution hydrau-
lic parameter maps for surface soils in tropical South America. Geoscientific Model Development, 7(3), 711–723. https://doi.org/10.5194/
gmd-7-711-2014

Massoud, E. C., Purdy, A. J., Miro, M. E., & Famiglietti, J. S. (2018). Projecting groundwater storage changes in California’s Central Valley. 
Scientific Reports, 8(1), 12917. https://doi.org/10.1038/s41598-018-31210-1

Maxwell, R. M., & Miller, N. L. (2005). Development of a coupled land surface and groundwater model. Joural of Hydrometerology, 6(3), 
233–247. https://doi.org/10.1175/jhm422.1

Mccarthy, J. F. (1991). Analytical models of the effective permeability of sand-shale reservoirs. Geophysical Journal International, 105(2), 
513–527. https://doi.org/10.1111/j.1365-246x.1991.tb06730.x

McDonnell, J. J., & Beven, K. (2014). Debates—The future of hydrological sciences: A (common) path forward? A call to action aimed at un-
derstanding velocities, celerities and residence time distributions of the headwater hydrograph. Water Resources Research, 50(6), 5342–5350. 
https://doi.org/10.1002/2013wr015141

McGrane, S. J. (2016). Impacts of urbanisation on hydrological and water quality dynamics, and urban water management: A review. Hydrologi-
cal Sciences Journal-Journal Des Sciences Hydrologiques, 61(13), 2295–2311. https://doi.org/10.1080/02626667.2015.1128084

Montzka, C., Herbst, M., Weihermüller, L., Verhoef, A., & Vereecken, H. (2017). A global data set of soil hydraulic properties and sub-grid 
variability of soil water retention and hydraulic conductivity curves. Earth System Science Data, 9(2), 529–543. https://doi.org/10.5194/
essd-9-529-2017

Niswonger, R. G., & Fogg, G. E. (2008). Influence of perched groundwater on base flow. Water Resources Research, 44(3). https://doi.
org/10.1029/2007wr006160

Niswonger, R. G., Panday, S., & Ibaraki, M. (2011). MODFLOW-NWT, a Newton formulation for MODFLOW-2005. US Geological Survey 
Techniques and Methods, 6(A37), 44. https://doi.org/10.3133/tm6a37

Niswonger, R. G., Prudic, D. E., & Regan, R. S. (2006). Documentation of the unsaturated-zone flow (UZF1) package for modeling unsaturated 
flow between the land surface and the water table with MODFLOW-2005 (2328-7055).

Pinault, J. L., Amraoui, N., & Golaz, C. (2005). Groundwater-induced flooding in macropore-dominated hydrological system in the context of 
climate changes. Water Resources Research, 41(5). https://doi.org/10.1029/2004wr003169

Pokhrel, Y. N., Koirala, S., Yeh, P. J.-F., Hanasaki, N., Longuevergne, L., Kanae, S., & Oki, T. (2015). Incorporation of groundwater pump-
ing in a global Land Surface Model with the representation of human impacts. Water Resources Research, 51(1), 78–96. https://doi.
org/10.1002/2014wr015602

Rahman, M., Rosolem, R., Kollet, S. J., & Wagener, T. (2019). Towards a computationally efficient free-surface groundwater flow boundary con-
dition for large-scale hydrological modelling. Advances in Water Resources, 123, 225–233. https://doi.org/10.1016/j.advwatres.2018.11.015

Rahman, M., Sulis, M., & Kollet, S. J. (2014). The concept of dual-boundary forcing in land surface-subsurface interactions of the terrestrial 
hydrologic and energy cycles. Water Resources Research, 50(11), 8531–8548. https://doi.org/10.1002/2014wr015738

Regan, R. S., & Niswonger, R. G. (2020). GSFLOW version 2.1.0: Coupled groundwater and surface-water FLOW model. U.S. Geological 
Survey Software Release.

Ridler, M. E., van Velzen, N., Hummel, S., Sandholt, I., Falk, A. K., Heemink, A., & Madsen, H. (2014). Data assimilation framework: Linking 
an open data assimilation library (OpenDA) to a widely adopted model interface (OpenMI). Environmental Modelling & Software, 57, 76–89. 
https://doi.org/10.1016/j.envsoft.2014.02.008

Rodell, M., Velicogna, I., & Famiglietti, J. S. (2009). Satellite-based estimates of groundwater depletion in India. Nature, 460(7258), 999–1002. 
https://doi.org/10.1038/nature08238

https://doi.org/10.1002/hyp.9808
https://doi.org/10.1016/s0309-1708(00)00075-0
https://doi.org/10.3390/rs11192317
https://doi.org/10.1144/gsl.sp.2002.193.01.16
https://doi.org/10.1016/s0037-0738(99)00067-6
https://doi.org/10.1002/hyp.10775
https://doi.org/10.1002/2017gl072885
https://doi.org/10.1029/2018wr023434
https://doi.org/10.1029/2008gl033215
https://doi.org/10.1007/s10040-004-0411-8
https://doi.org/10.1007/s10040-004-0411-8
https://doi.org/10.1016/0022-1694(94)02488-w
https://doi.org/10.1007/s10040-001-0177-1
https://doi.org/10.1007/s10040-001-0177-1
https://doi.org/10.1016/j.agrformet.2016.12.003
https://doi.org/10.1029/2006wr005233
https://doi.org/10.1029/2009wr008874
https://doi.org/10.1038/ngeo2791
https://doi.org/10.5194/gmd-7-711-2014
https://doi.org/10.5194/gmd-7-711-2014
https://doi.org/10.1038/s41598-018-31210-1
https://doi.org/10.1175/jhm422.1
https://doi.org/10.1111/j.1365-246x.1991.tb06730.x
https://doi.org/10.1002/2013wr015141
https://doi.org/10.1080/02626667.2015.1128084
https://doi.org/10.5194/essd-9-529-2017
https://doi.org/10.5194/essd-9-529-2017
https://doi.org/10.1029/2007wr006160
https://doi.org/10.1029/2007wr006160
https://doi.org/10.3133/tm6a37
https://doi.org/10.1029/2004wr003169
https://doi.org/10.1002/2014wr015602
https://doi.org/10.1002/2014wr015602
https://doi.org/10.1016/j.advwatres.2018.11.015
https://doi.org/10.1002/2014wr015738
https://doi.org/10.1016/j.envsoft.2014.02.008
https://doi.org/10.1038/nature08238


Water Resources Research

CONDON ET AL.

10.1029/2020WR029500

27 of 27

Rueedi, J., Cronin, A. A., & Morris, B. L. (2009). Estimation of sewer leakage to urban groundwater using depth-specific hydrochemistry. Water 
and Environment Journal, 23(2), 134–144. https://doi.org/10.1111/j.1747-6593.2008.00119.x

Sanchez-Vila, X., Guadagnini, A., & Carrera, J. (2006). Representative hydraulic conductivities in saturated groundwater flow. Reviews of Geo-
physics, 44(3). https://doi.org/10.1029/2005rg000169

Scanlon, B. R., Faunt, C. C., Longuevergne, L., Reedy, R. C., Alley, W. M., McGuire, V. L., & McMahon, P. B. (2012). Groundwater deple-
tion and sustainability of irrigation in the US High Plains and Central Valley. Proceedings of the National Academy of Sciences, 109(24), 
9320–9325. https://doi.org/10.1073/pnas.1200311109

Scanlon, B. R., Healy, R. W., & Cook, P. G. (2002). Choosing appropriate techniques for quantifying groundwater recharge. Hydrogeology Jour-
nal, 10(1), 18–39. https://doi.org/10.1007/s10040-001-0176-2

Scanlon, B. R., Reedy, R. C., Stonestrom, D. A., Prudic, D. E., & Dennehy, K. F. (2005). Impact of land use and land cover change on groundwater 
recharge and quality in the southwestern US. Global Change Biology, 11(10), 1577–1593. https://doi.org/10.1111/j.1365-2486.2005.01026.x

Seneviratne, S. I., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner, I., et al. (2010). Investigating soil moisture–climate interactions in a 
changing climate: A review. Earth-Science Reviews, 99(3), 125–161. https://doi.org/10.1016/j.earscirev.2010.02.004

Shakla, M. K. (2014). Soil physics: An introduction. CRC Press.
Shao, Y., & Irannejad, P. (1999). On the choice of soil hydraulic models in land-surface schemes. Boundary-Layer Meteorology, 90(1), 83–115. 

https://doi.org/10.1023/A:1001786023282
Smerdon, B. D., Mendoza, C. A., & Devito, K. J. (2007). Simulations of fully coupled lake-groundwater exchange in a subhumid climate with an 

integrated hydrologic model. Water Resources Research, 43(1). https://doi.org/10.1029/2006wr005137
Sophocleous, M. (2002). Interactions between groundwater and surface water: The state of the science. Hydrogeology Journal, 10(1), 52–67. 

https://doi.org/10.1007/s10040-001-0170-8
Soylu, M., Kucharik, C., & Loheide, S. (2014). Influence of groundwater on plant water use and productivity: Development of an integrated 

ecosystem—Variably saturated soil water flow model. Agricultural and Forest Meteorology, 189–190, 198–210. https://doi.org/10.1016/j.
agrformet.2014.01.019

Staudinger, M., Stoelzle, M., Seeger, S., Seibert, J., Weiler, M., & Stahl, K. (2017). Catchment water storage variation with elevation. Hydrolog-
ical Processes, 31(11), 2000–2015. https://doi.org/10.1002/hyp.11158

Taniguchi, M., & Sharma, M. L. (1993). Determination of groundwater recharge using the change in soil temperature. Journal of Hydrology, 
148(1), 219–229. https://doi.org/10.1016/0022-1694(93)90261-7

Teatini, P., Ferronato, M., Gambolati, G., & Gonella, M. (2006). Groundwater pumping and land subsidence in the Emilia-Romagna coastland, 
Italy: Modeling the past occurrence and the future trend. Water Resources Research, 42(1). https://doi.org/10.1029/2005wr004242

Tremblay, L., Larocque, M., Anctil, F., & Rivard, C. (2011). Teleconnections and interannual variability in Canadian groundwater levels. Journal 
of Hydrology, 410(3–4), 178–188. https://doi.org/10.1016/j.jhydrol.2011.09.013

Van Looy, K., Bouma, J., Herbst, M., Koestel, J., Minasny, B., Mishra, U., et al. (2017). Pedotransfer functions in earth system science: Challenges 
and perspectives. Reviews of Geophysics, 55(4), 1199–1256. https://doi.org/10.1002/2017rg000581

Vázquez-Suñé, E., Capino, B., Abarca, E., & Carrera, J. (2007). Estimation of Recharge from Floods in Disconnected Stream-Aquifer Systems. 
Groundwater, 45(5), 579–589. https://doi.org/10.1111/j.1745-6584.2007.00326.x

Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., et al. (2010). Global threats to human water security 
and river biodiversity. Nature, 467(7315), 555–561.

Voss, C. I., & Soliman, S. M. (2014). The transboundary non-renewable Nubian Aquifer System of Chad, Egypt, Libya and Sudan: Clas-
sical groundwater questions and parsimonious hydrogeologic analysis and modeling. Hydrogeology Journal, 22(2), 441–468. https://doi.
org/10.1007/s10040-013-1039-3

Wada, Y., van Beek, L. P. H., & Bierkens, M. F. P. (2012). Nonsustainable groundwater sustaining irrigation: A global assessment. Water Resourc-
es Research, 48(6). https://doi.org/10.1029/2011wr010562

Ward, A. S. (2016). The evolution and state of interdisciplinary hyporheic research. WIREs Water, 3(1), 83–103. https://doi.org/10.1002/wat2.1120
Winter, T. C., Harvey, J. W., Franke, O. L., & Alley, W. M. (1998). Ground water and surface water; a single resource (1139).
Wösten, J. H. M., Lilly, A., Nemes, A., & Le Bas, C. (1999). Development and use of a database of hydraulic properties of European soils. Geo-

derma, 90(3), 169–185. Retrieved from http://www.sciencedirect.com/science/article/pii/S0016706198001323
Xu, X., Sun, C., Qu, Z. Y., Huang, Q. Z., Ramos, T. B., & Huang, G. H. (2015). Groundwater recharge and capillary rise in irrigated areas of the 

Upper Yellow River Basin assessed by an agro-hydrological model. Irrigation and Drainage, 64(5), 587–599. https://doi.org/10.1002/ird.1928
Zhang, Y., & Schaap, M. G. (2019). Estimation of saturated hydraulic conductivity with pedotransfer functions: A review. Journal of Hydrology, 

575, 1011–1030. https://doi.org/10.1016/j.jhydrol.2019.05.058
Zipper, S. C., Soylu, M. E., Booth, E. G., & Loheide, S. P. (2015). Untangling the effects of shallow groundwater and soil texture as drivers of 

subfield-scale yield variability. Water Resources Research, 51(8), 6338–6358. https://doi.org/10.1002/2015wr017522

https://doi.org/10.1111/j.1747-6593.2008.00119.x
https://doi.org/10.1029/2005rg000169
https://doi.org/10.1073/pnas.1200311109
https://doi.org/10.1007/s10040-001-0176-2
https://doi.org/10.1111/j.1365-2486.2005.01026.x
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1023/A:1001786023282
https://doi.org/10.1029/2006wr005137
https://doi.org/10.1007/s10040-001-0170-8
https://doi.org/10.1016/j.agrformet.2014.01.019
https://doi.org/10.1016/j.agrformet.2014.01.019
https://doi.org/10.1002/hyp.11158
https://doi.org/10.1016/0022-1694(93)90261-7
https://doi.org/10.1029/2005wr004242
https://doi.org/10.1016/j.jhydrol.2011.09.013
https://doi.org/10.1002/2017rg000581
https://doi.org/10.1111/j.1745-6584.2007.00326.x
https://doi.org/10.1007/s10040-013-1039-3
https://doi.org/10.1007/s10040-013-1039-3
https://doi.org/10.1029/2011wr010562
https://doi.org/10.1002/wat2.1120
http://www.sciencedirect.com/science/article/pii/S0016706198001323
https://doi.org/10.1002/ird.1928
https://doi.org/10.1016/j.jhydrol.2019.05.058
https://doi.org/10.1002/2015wr017522

	Global Groundwater Modeling and Monitoring: Opportunities and Challenges
	Abstract
	Plain Language Summary
	1. Introduction
	2. The Role of Groundwater in the Earth System
	3. Vision for a Global Groundwater Platform for Monitoring and Prediction
	4. Challenges and Requirements for Continental to Global Modeling and Monitoring
	4.1. Global Hydrogeologic Model
	4.2. In Situ Observation Network and Remote Sensing
	4.3. Groundwater Flow Model
	4.4. Computational Platform Development

	5. Current State of Tools and Datasets for Continental to Global Groundwater
	5.1. Global Hydrogeologic Model
	5.1.1. Hydrogeology Datasets
	5.1.2. Approaches for Model Parameterization and Addressing Heterogeneity at Scale

	5.2. In Situ Observation Network and Remote Sensing
	5.3. Groundwater Flow Model
	5.3.1. Steady State Models
	5.3.2. Saturated Flow Models
	5.3.3. Quasi-3D Approaches
	5.3.4. Variably Saturated Flow Models


	6. The Path Forward
	Data Availability Statement
	References
	References From the Supporting Information


