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Abstract Coastal zones encompass the complex interface between land and sea. Understanding how
water and solutes move within and across this interface is essential for managing resources for society. The
increasingly dense human occupation of coastal zones disrupts natural groundwater ﬂow patterns and
degrades freshwater resources by both overuse and pollution. This pressure results in a ‘‘coastal groundwater squeeze,’’ where the thin veneers of potable freshwater are threatened by contaminant sources at the
land surface and saline groundwater at depth. Scientiﬁc advances in the ﬁeld of coastal hydrogeology have
enabled responsible management of water resources and protection of important ecosystems. To address
the problems of the future, we must continue to make scientiﬁc advances, and groundwater hydrology
needs to be ﬁrmly embedded in integrated coastal zone management. This will require interdisciplinary scientiﬁc collaboration, open communication between scientists and the public, and strong partnerships with
policymakers.

1. Overview and Societal Relevance
Coastal zones are at the complex and dynamic interface between the land and the sea. These zones are
occupied by dense human populations, many living in rapidly growing mega-cities; highly productive but
increasingly threatened coastal ecosystems; and surface waters that support critical ﬁsheries. Understanding
how water and solutes move within and across this interface is essential for managing and protecting these
resources.
Coastal hydrogeology is the study of groundwater processes in aquifer systems connected to the sea. It is a
subﬁeld within hydrology and incorporates aspects of geology, oceanography, engineering, biogeochemistry, and ecology. The foundations of coastal hydrogeology were laid in the late nineteenth century when
the search for freshwater reserves for drinking water supply systems highlighted the need for a better
understanding of groundwater processes near the coast. The delicate equilibrium between fresh and saline
groundwater was recognized, and it was soon realized that pumping at too high a rate leads to an inﬂux of
saline water into wells [Houben and Post, 2017]. More than a century later, seawater intrusion remains a
severe threat to coastal water supply systems and is one of the world’s leading causes of groundwater
contamination.
Just as the landward movement of seawater contaminates fresh groundwater resources on land, the seaward discharge of contaminated groundwater can wreak havoc on fragile coastal ecosystems such as estuaries [Johannes, 1980; Valiela et al., 1990] and coral reefs [Amato et al., 2016]. Humans are also altering
coastal hydrology and ecological systems in other ways, by clearing vegetation, farming, ﬁlling marshes,
building dikes, and accelerating erosion. Sea-level rise is creating additional pressures by increasing salinity
and ﬂooding. Ecosystem degradation is particularly worrisome because coastal ecosystems sustain a huge
variety of life, humans included, and provide natural services such as protection against storm surges and
sequestration of atmospheric CO2 [McLeod et al., 2011; Woodroffe et al., 2015].
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All but a few coastal cities are set for growth over the next few decades [GRID-Arendal and UNEP, 2016]. This
growth, combined with the worldwide growth in tourism, is increasing the demand for water in urban areas.
Concentrated pumping in population centers enhances the risk of seawater intrusion, and wastewater and
industrial activities contribute contaminants. Coastal agricultural regions, though less populated, are also at
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Figure 1. Diagram showing contributors to the ‘‘coastal groundwater squeeze.’’ (1) Groundwater overpumping for agricultural and domestic water use causes saltwater upconing (U) and seawater intrusion (SI), as well as a reduction of submarine groundwater discharge to ecosystems; (2) contamination (C) by the use of fertilizer, pesticides and antibiotics for intensive agriculture; (3) vertical seawater intrusion
caused by ﬂooding of low-lying areas by seawater; (4) land subsidence caused by drainage for urban development; (5) nutrient and antibiotics use in aquaculture; (6) urban expansion causing increased water demand and pollution; (7) dredging for land reclamation and navigation; (8) mining-induced water table drawdown and pollution; (9) local salt storage causing salinization. Symbols courtesy of the
Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

risk because irrigation places a higher demand on water than domestic use, and nutrient contributions are
intense—fertilizers contribute 80% of reactive nitrogen produced worldwide [Erisman et al., 2008]. Sea-level
rise is causing shorelines to migrate landward [see Vitousek et al., 2017]. Thus, the term ‘‘coastal squeeze’’
that is used in ecology to indicate the habitat loss in intertidal zones [Pontee, 2013] appears to be equally
applicable to coastal groundwater resources. Potable freshwater volumes are thin veneers, threatened by
contaminant sources at the land surface and saline groundwater at depth (see Figure 1).
The current water and land use in many coastal zones (see Figure 1) is unsustainable. An example is the aquifer system of the North China Plain, which supports 200 million people, including the mega-city Beijing.
Groundwater has been the primary water source for extensive population and economic growth over the last
three decades, resulting in dramatic declines in water levels, seawater intrusion, and contamination from
wastewater [Foster et al., 2004; Liu et al., 2008]. It is estimated that without management intervention, continued unsustainable groundwater use could lead to more than 800 million dollars per year in agricultural losses
alone [Foster et al., 2004]. In this and many other coastal areas, landmark changes in land and water management practices will be required to avoid severe detrimental impacts on economy, health, and environment,
even without taking future pressures, for example those caused by sea-level rise, into consideration. These
measures should be proactive rather than reactive, since prevention is generally much less expensive than
remediation. Effective, integrated coastal zone management is multidisciplinary and multisectoral, but is only
feasible provided that sufﬁcient knowledge and understanding of the groundwater processes is available.

2. Scientific Progress
Coastal aquifer systems are distinguished from terrestrial systems by the inﬂuence of the sea on the composition of the groundwater, in particular on its salinity. In these systems, water quantity and quality are
closely connected—as freshwater is depleted inland, seawater intrudes. Moreover, the density difference
between fresh and saline water, even a mere 2.5%, has a strong inﬂuence on the ﬂow of groundwater and
typically leads to a wedge of saltwater below a lens of freshwater. These coupled ﬂow and transport processes present a special scientiﬁc and management challenge because groundwater ﬂow can only be interpreted from water levels in wells if the distribution of subsurface salinity is known. This challenge is
compounded by several factors. First, the spatial scale over which complex solute transport processes must
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be considered compared to contaminant plumes is tremendous—the contaminant source is the ocean (in
the case of seawater intrusion) and the entire aquifer (in the case of submarine groundwater discharge).
Second, hydrologic forcings operate over a range of different timescales. Coastal groundwater systems are
inﬂuenced by tidal and wave dynamics operating over weeks to seconds, interannual and seasonal hydrologic variations, as well as sea-level changes and aquifer deposition occurring over millennia.
These distinctive physical aspects of coastal systems are accompanied by similarly distinctive biogeochemical characteristics [Sawyer et al., 2016]. Coastal aquifers are a mixing ground for solutes sourced from land
and sea, driving reactions and ﬂuxes within constantly moving interfaces. Thus, coastal aquifers are also fascinating natural laboratories for studying complex interactions between multiple physical and biochemical
components.
Quantitative models of groundwater ﬂow and salinity are critical in managing coastal groundwater resources. Simple analytical modeling began in the late 1800s [Drabbe and Badon Ghyben, 1888; Herzberg, 1901]
and methods continue to be developed to provide rapid and easily applied guidance today. Beginning in
the 1970s, numerical models that enable more realistic aquifer representation were developed and are now
routinely used to support water management. Some of the most established codes, such as SEAWAT [Langevin et al., 2007] and SUTRA [Voss and Provost, 2002], are available free of charge. The same is true for
codes to simulate chemical processes in groundwater, such as PHREEQC [Parkhurst and Appelo, 2013] and
PHT3D [Prommer and Post, 2010].
The challenge is to have adequate data to constrain these models and judge their worth in answering scientiﬁc and practical questions. Networks of hydrologic and geochemical monitoring data collected over
long periods of time (i.e., the US Geological Survey Groundwater and Streamﬂow Information Program
and the National Water Quality Assessment Program) are critical sources of information that cannot be
collected on a project-by-project basis. The spatial density of geologic and geochemical data required is
generally much greater than that of hydrologic data, however, and the development of geophysical tools
to map the distribution of fresh and saline groundwater has been critical to providing a 3-D window to
the subsurface. Remarkable new data sets can now be collected. The latest land-based measurement systems can reach to nearly 300 m below sea level and stretch tens of kilometers along the coastline [Goebel
et al., 2017]. Airborne methods provide data of unprecedented resolution over vast areas [Siemon et al.,
2016]. Many of these data sets are now available to the general public, efﬁciently disseminated through
the internet.
Improved sampling techniques and analytical methods allow environmental tracers (i.e., naturally occurring
dissolved substances and isotopes) and pollutants to be measured with increased resolution and accuracy.
They can be used to discriminate between different water types, distinguish water origin, trace hydrological
processes, and identify anthropogenic impacts [e.g., Rocha et al., 2016; Baskaran et al., 2016; Stalker et al.,
2014]. Other tracers, such as ﬂuorescent dissolved organic matter, have also been used to identify biogeochemical processes [Nelson et al., 2015; Suryaputra et al., 2015]. Efforts have built on work in streams to use
heat as a tracer to detect submarine groundwater discharge and subseaﬂoor ﬂow [Savidge et al., 2016; Wilson et al., 2016]. Geochemical tracers, such as Ra and Rn radioisotopes, can complement traditional hydrogeological tools, such as seepage meters and piezometers, and have enabled estimation of submarine
groundwater discharge on larger spatial scales. These various measurements have shown that groundwater
discharge to the ocean is a signiﬁcant component of the global hydrologic cycle [Moore, 2010]; the ﬂux of
fresh and saline groundwater to the ocean could be up to 4 times the freshwater discharge from rivers
[Kwon et al., 2014].
Research has identiﬁed best practices to arrest or even reverse the decline of freshwater resources [Werner
et al., 2011], providing tangible societal beneﬁts. An example is the alternating pumping regime of the
Chalk aquifer of the English South Downs, where wells close to the coast intercept freshwater discharge to
the sea in winter, and wells further inland are pumped only during summer [Robins et al., 1999]. Another
example is the freshwater lens in Bonriki Island (Kiribati), where decades of hydrogeological studies and
data have informed pumping limits and the design and implementation of skimming wells, allowing the
resource to be utilized in the most sustainable manner [White and Falkland, 2010]. Technologically, the management solutions in these examples are not very complex, but their success is contingent upon sciencebased aquifer exploration methods and sustained monitoring.

MICHAEL ET AL.

COASTAL GROUNDWATER SQUEEZE

2612

Water Resources Research

10.1002/2017WR020851

A more sophisticated (and expensive) mitigation strategy is the artiﬁcial recharge of aquifers to restore
freshwater reserves. This has been successfully applied to reverse seawater intrusion and secure the water
supply to the city of Amsterdam in the Netherlands [Stuyfzand, 1999], and to restore water levels and
improve salinities in the Korba-Mida aquifer of Tunisia [Gaaloul et al., 2012]. One critical aspect with this
technology is the quality of the recharge water and the risk of mobilizing naturally occurring contaminants.
Here reactive transport tools play an important role in assessing the effects of hydrochemical processes and
predicting water quality [van Breukelen et al., 1998; Wallis et al., 2011].
‘‘Hard-engineering’’ approaches have also been developed and implemented, including the use of physical
barriers to reduce the impacts of seawater intrusion. For example, the Komesu subsurface dam (Japan) has
reduced seawater intrusion into fresh coastal groundwater [Nawa and Miyazaki, 2009]. Perhaps the most
ambitious and successful project to mitigate seawater intrusion impacts is the West Coast Basin Barrier Project (i.e., the Dominguez Gap and Alamitos Barrier Projects), where extensive artiﬁcial recharge to create
hydraulic barriers against the salinization of water supply wells has been implemented in Los Angeles
County (USA) [Johnson and Whitaker, 2003].
Research has also advanced our ability to identify sources of groundwater-borne pollutants to coastal
waters such that they can be mitigated or efﬁciently managed. High levels of nutrients are a major societal
concern because stimulation of productivity leads to harmful algal blooms, anoxia, and associated adverse
effects on ﬁsheries and recreation. Nutrient ﬂuxes from groundwater to estuaries and the ocean have been
quantiﬁed all over the world [e.g., Slomp and Van Cappellen, 2004]. Through the use of groundwater age
tracers and numerical models to determine how long fresh groundwater remains in aquifers before discharge, scientists and managers are able to better understand and predict the lag between implementation
of nutrient management measures and improvement in estuarine water quality [e.g., Meals et al., 2010; Sanford and Pope, 2013]. These techniques provide managers with information essential for designing nutrient
mitigation policy, leading to ecosystem recovery. For example, the Tampa Bay Estuary experienced a 25%
increase in eelgrass acreage as a result of the science-based Nutrient Management Strategy in the watershed [Greening and Janicki, 2006].

3. Future Scientific Challenges to Meet Societal Needs
While advancements within the ﬁeld of coastal hydrogeology have improved society’s ability to protect and
manage our coastal water and ecosystem resources, there are gaps in scientiﬁc understanding and missing
links between science, practice, and policy that must be overcome to address the water quantity and quality problems that persist in coastal zones. One important challenge is dealing with the characteristic complexity of coastal groundwater systems. To identify the most effective ways to protect and manage the
resources, we need to integrate understanding across geologic, hydrologic, and biogeochemical complexity. To identify the most efﬁcient ways to protect and manage resources and implement policy, we must
also consider human complexity, including economics, cultural values, and the factors that affect perception
and decision making.
Geologic complexity—the heterogeneous spatial distribution in aquifer properties that occurs across
scales—is ubiquitous and difﬁcult to quantify. Even in the few areas where sufﬁcient data exist to constrain
both the current salinity distribution and the hydrogeologic system, it is nearly impossible to accurately predict evolution of salinity on the scale of a single well screen [e.g., Sanford and Pope, 2009], due in part to the
inadequacy of macroscopic models of solute mixing to simulate key effects of small-scale heterogeneities.
Offshore information is even more difﬁcult to obtain, particularly stratigraphy and pore-water salinity.
Because data are always limited in hydrogeological systems, we must work to better understand processes
so that the most essential information can be targeted with the most effective tools.
Another complexity of coastal groundwater systems is transience caused by hydrologic forcing operating
on vastly different timescales. As a result, systems are constantly out of equilibrium with current hydraulic
conditions. The disequilibrium occurs in the distribution of pressures, which drive ﬂow, and even more so in
the distribution of solutes, which change much more slowly. Although substantial research has tackled individual timescales, these transient conditions are not independent [e.g., Wilson et al., 2016], with interactions
that have yet to be identiﬁed due to the challenge of measuring and modeling across diverse timescales.
For example, a suite of sophisticated age tracers has been developed to date groundwater, but the
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chemical and mixing processes in coastal settings preclude unambiguous interpretation of their results.
This requires ongoing efforts to develop better methods to constrain the ages of water bodies and rates of
processes. Changes in climate will also cause hydrologic shifts as sea level rises and groundwater recharge
is altered. While research has attempted to quantify resulting changes, for example in seawater intrusion
and submarine groundwater discharge [e.g., Werner and Simmons, 2009; Webb and Howard, 2011; Michael
et al., 2013], opportunities remain to identify the nature of these hydrologic changes, and especially to forecast potential tipping points that may result in the collapse of systems under stress.
Chemical reactions add to the complexity. While our ability to quantify and predict effects of individual
physical and geochemical processes has advanced remarkably, these are never decoupled in natural systems; nor are they independent of geologic heterogeneity. For example, we monitor nitrogen concentrations in wells and measure groundwater ﬂuxes to estuaries, but the resultant nutrient load is not simply
their product. Nitrogen transformations between inland wells and the ocean alter the loads in nonuniform
ways that have been linked to geology, ﬂow paths, and groundwater-surface water exchange [e.g., Kroeger
and Charette, 2008; Roy et al., 2011; Sawyer et al., 2014]. Understanding these complexities and how they
interact across space and time will enable better prediction of water quality evolution, solute loads to the
ocean, and system response to hydrologic change.
To address the challenge of complexity in natural systems, we need to break down traditional disciplinary
barriers. For example, while hydrogeologists and oceanographers both seek to quantify submarine groundwater discharge and associated contaminant ﬂuxes, they bring different priorities, tools, and expertise. By
working from only one side, each may miss both the complexity of and the information that can be
obtained from the other side of the land-sea interface, potentially leading to knowledge gaps that could be
ﬁlled by working together. This is similarly true for physical hydrogeologists and biogeochemists—the former often consider only conservative solute transport, missing the importance of chemical transformations,
and the latter often overlook the inﬂuence of ﬂuid motion on subsurface reactions. Because of the complex
interlinkages between aquifers and the ocean and between physical, geochemical, and biological processes,
these systems need to be understood holistically.
The last, but perhaps most important, complexity is the dramatic inﬂuence of human activities and infrastructure on coastal systems. For example, canals and harbor channels cut coastal aquifers and conﬁning
units, altering natural groundwater ﬂow systems and potentially increasing nutrient discharges [i.e., Sawyer
et al., 2014]. The increasing prevalence of coastal ponds for aquaculture and retention ponds can strongly
affect chemical cycling and ﬂuxes [Tal et al., 2017]. Moreover, we need to understand how coastal groundwater systems intersect with other important societal needs. For example, coastal zones are arguably the
place where the water-energy-food nexus [see Scanlon et al., 2017] is most profound. Maintaining viable
water supply can add a signiﬁcant burden to the energy needs of coastal populations, for example through
the energy required to enhance reuse of water by managed aquifer recharge and recovery. Energy demand
is particularly intense in the case of desalination, which is increasingly relied upon. As a result, where population growth occurs, and the availability of fresh groundwater is increasingly insufﬁcient due to both contamination of the available resource and rising demand, energy consumption will increase. This cost and
the increasing salinity of groundwater available for irrigation may have large impacts on how land can be
used and which crops can be grown. Although there have been serious efforts to determine the environmental and economic costs of desalination [NRC, 2008], to our knowledge there have been no published
attempts to compare the cost of desalination to the cost of improved coastal groundwater management
(e.g., enhanced recharge) combined with water demand management.
Holistic analyses are needed to understand all of the societal implications of interconnected and complex
coastal systems so that one solution does not lead to detrimental effects elsewhere, and so that the most
efﬁcient solutions can be found; to do this, natural and social scientists must work together. While there has
been some work in coastal systems, for example quantifying the value of data in decision making [e.g.,
Trainor-Guitton, 2014] and evaluating the impact of uncertainty on optimal policy [e.g., Tsur and Zemel,
2004], it is only scratching the surface. We need to be able to identify feedbacks between humans and
coastal systems and quantify them so that integrated models can be developed. There are also opportunities to complement engineering or science-based methods to protect water resources by exploring strategies based on education and awareness that build stronger connections between communities and their
water resources.

MICHAEL ET AL.

COASTAL GROUNDWATER SQUEEZE

2614

Water Resources Research

10.1002/2017WR020851

4. Ensuring that Societal Solutions Exploit Scientific Understanding
The research collaboration required to understand these complex systems and translate science to efﬁcient
societal beneﬁt will cross ﬁelds of hydrogeology, oceanography, biogeochemistry, engineering, economics,
sociology, policy, and many others. This requires a substantial investment of time on the part of investigators to communicate ideas, understand terminology, and connect often very diverse research methods. It
requires a similar investment of funds to support the large, long-term projects that enable the crossdisciplinary breakthroughs that most beneﬁt society. Further, researchers must collaborate with decision
makers to better understand the problems and to move research ﬁndings to implementation. Students
should be trained to become more comfortable crossing disciplines while retaining depth in hydrogeology,
and we must ensure that the next generation of scientists can more readily communicate with the public
and policymakers than their predecessors.
Even though science has progressed remarkably, water supply issues and environmental problems persist
and in some cases are accelerating in coastal zones. On the one hand, this is because there are still important gaps in our understanding of groundwater systems, and in some cases, there is a failure to propagate
research ﬁndings to groundwater practitioners. On the other hand, problems arise or persist due to ineffective management and a lack of proper governance—problems that science may or may not help solve. For
example, poor regulation and/or policy enforcement result in continued unsustainable groundwater pumping in many regions, despite clear evidence of detrimental effects on the resource [Werner et al., 2013]. Further, there is a need for an integrated approach to manage resources and safeguard ecosystems, but the
strong interconnectedness of the terrestrial and marine natural systems is often not reﬂected by governance structures.
The scientiﬁc community has an important role to play to offer solutions to the problems that face coastal
communities. We have an opportunity in that clean water is not only a basic human need, but in fact a basic
human right [United Nations, 2010]. It may be more of a priority in regions of water scarcity or where treatment infrastructure is absent, but by listening to community concerns and by communicating the challenges and opportunities, we may bring the protection of water resources to the forefront of public
consciousness. Improved community knowledge of coastal groundwater concepts may provide enhanced
engagement in protecting coastal aquifers and dependent ecosystems. Without stronger management
oversight and intervention, and community engagement, coastal settings are likely to further degrade as
the populace continues to act on individual interests. Ensuring coastal water security is possible and perhaps we can follow the path of ozone layer depletion and acid rain, which with a combination of science
and political will are now largely problems of the past. Only when we continue to develop fundamental science, and ensure that that science also informs policy, can we truly push against the coastal groundwater
squeeze.
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