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Abstract Low-elevation coastal areas are increasingly vulnerable to seawater flooding as sea levels rise
and the frequency and intensity of large storms increase with climate change. Seawater flooding can lead to

the salinization of fresh coastal aquifers by vertical saltwater intrusion (SWI). Vertical SWI is often overlooked
in coastal zone threat assessments despite the risk it poses to critical freshwater resources and salt-intolerant
ecosystems that sustain coastal populations. This review synthesizes field and modeling approaches for
investigating vertical SWI and the practical and theoretical understanding of salinization and flushing processes
obtained from prior studies. The synthesis explores complex vertical SWI dynamics that are influenced by
density-dependent flow and oceanic, hydrologic, geologic, climatic, and anthropogenic forcings acting on
coastal aquifers across spatial and temporal scales. Key knowledge gaps, management challenges, and research
opportunities are identified to help advance our understanding of the vulnerability of fresh coastal groundwater.
Past modeling studies often focus on idealized aquifer systems, and thus future work could consider more
diverse geologic, climatic, and topographic environments. Concurrent field and modeling programs should

be sustained over time to capture interactions between physical processes, repeated salinization and flushing
events, and delayed aquifer responses. Finally, this review highlights the need for improved coordination and
knowledge translation across disciplines (e.g., coastal engineering, hydrogeology, oceanography, social science)
to gain a more holistic understanding of vertical SWI. There also needs to be more education of communities,
policy makers, and managers to motivate societal action to address coastal groundwater vulnerability in a
changing climate.

Plain Language Summary Along the world's coastlines, seawater flooding on the land surface by
storms and high tide events can drive the downward infiltration of seawater into coastal aquifers that are an
important source of fresh groundwater. Rising sea levels and the intensification of coastal storms are expected
to exacerbate seawater flooding events globally. The salinization of fresh groundwater along the coast following
floods is often “out of sight, out of mind,” but this process threatens freshwater resources that sustain dense
coastal human populations and valuable, sensitive ecosystems. This paper reviews prior studies that have
applied monitoring and/or computer modeling methods to better understand processes and controls on vertical
saltwater intrusion. Our review details how surface flood dynamics, groundwater processes, environmental
characteristics, and human activities combine to create complex patterns of salinization and flushing over

space and time. From our synthesis we identify future research needs, including long-term, globally dispersed
monitoring and collaboration across scientific disciplines. We further emphasize the need for communication
with local stakeholders about this topic to motivate informed management and research initiatives to understand
and reduce the vulnerability of coastal fresh groundwater resources in a changing climate.

1. Introduction

Fresh groundwater is a critically important resource in coastal zones as it supports the water demands of dense
and rapidly growing coastal populations (Cunillera-Montcusi et al., 2022; Hauer et al., 2020; Sawyer et al., 2016;
Small & Nicholls, 2003). Fresh groundwater also supports productive but vulnerable coastal ecosystems (Barbier
et al., 2011; Sousa et al., 2016). Seawater flooding in low-elevation coastal areas can deliver large volumes of
seawater inland, which can rapidly salinize fresh groundwater resources and ecosystems in terrestrial coastal
zones that are not adapted to high salinity (Anderson, 2002; Gingerich et al., 2017; Post & Houben, 2017). Salini-
zation from coastal flood events can have far-reaching effects on ecosystem services, populations, and economies
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(e.g., Sherren et al., 2021). For instance, even minor groundwater salinization along the coast can result in
the deterioration or transgression of ecosystems (e.g., ghost forests) or crops (Briggs et al., 2021; Guimond &
Michael, 2021), and can render fresh groundwater resources unfit for human consumption, forcing the closure of
pumping wells for industrial, agricultural, and domestic purposes (Michael et al., 2017).

Anthropogenic climate change is driving sea-level rise and changing the frequency, intensity, duration, and spatial
extent of extreme coastal storms that already impact thousands of kilometers of coastline annually (Bevacqua
et al., 2020; Bhatia et al., 2019; Emanuel, 2013; IPCC, 2021; Kossin, 2018; Peduzzi et al., 2012). Dynamic
shoreline morphology and coastal development combined with groundwater pumping-induced land subsidence
compound the effects of climate change and exacerbate seawater flooding events (Almar et al., 2021; Frederikse
et al., 2020; Nicholls et al., 2021). Coastal flooding disasters due to extreme flooding from tsunamis, tropical
cyclones, and other marine storms impact millions of people annually through the loss of resources, infrastruc-
ture, livelihood, and life (Barbier, 2015; Barbier et al., 2011; Vousdoukas et al., 2020; Woodruff et al., 2013).
These coastal disaster impacts are often evaluated at the land surface in the context of populations, infrastruc-
ture, and economic indicators (e.g., gross domestic product), while the unseen salinization of fresh groundwater
resources is seldom documented or quantified (Barbier, 2015; Guimond & Michael, 2021; Hauer et al., 2020;
Neumann et al., 2015; Sousa et al., 2016). Nevertheless, potable water access is critical for preserving human
life within disaster response objectives, and thus groundwater salinization poses an additional disaster response
challenge as it can limit potable water availability and increase water treatment costs.

The migration of saltwater into fresh aquifers by surface and subsurface flow paths is known as saltwater intru-
sion (SWI). SWI is a major water security concern in coastal regions, and it is being exacerbated by chang-
ing atmospheric, marine, and anthropogenic forcing (Ataie-Ashtiani et al., 2013; Ketabchi et al., 2016; Werner
et al., 2013). Subsurface lateral SWI, which is the landward movement of the freshwater-saltwater interface,
occurs over timescales ranging from months to millennia and is caused by a reduction in the land-sea hydraulic
gradient from pumping, decreased aquifer recharge, and rising sea levels (Werner et al., 2013). Lateral SWI has
been extensively investigated due to its potential to deteriorate freshwater resources (Ferguson & Gleeson, 2012)
and degrade salt-intolerant coastal ecosystems (Fernandes et al., 2018; Tully et al., 2019). Vertical (i.e., down-
ward) SWI occurs after seawater inundates land surfaces and infiltrates into underlying fresh groundwater over
long and short timescales. Over geological timescales, transgressions in global sea level cause vertical and lateral
SWI that influences the current distribution of fresh and saline groundwater along the coast (Ataie-Ashtiani
et al., 2013; Han et al., 2020; Kooi et al., 2000; Loaiciga et al., 2012; Rotzoll & Fletcher, 2013). Over short
timescales, rapid, temporary coastal flooding causes incidents of vertical SWI (e.g., Anderson, 2002) that have
received less attention in prior investigations and global-scale analyses than lateral SWI and long-term vertical
SWI (Holding & Allen, 2015b; Kooi et al., 2000). However, seawater flooding events threaten existing fresh-
water resources by driving salinization on considerably shorter time scales that preclude reactive management
responses (Mahmoodzadeh & Karamouz, 2019; Yang et al., 2013). In general, vertical SWI threatens potable
water supply in coastal areas and drives the degradation or inland retreat of ecosystems dependent on fresh
groundwater (Brinson et al., 1995; Fagherazzi et al., 2019; Kearney et al., 2019).

In light of projected increases in coastal population density and the frequency and intensity of coastal seawater
flooding (IPCC, 2021; Neumann et al., 2015), there is a need to review and synthesize the current state of knowl-
edge on flood-driven vertical SWI (herein referred to as vertical SWI) in coastal aquifers. This review aims to
provide a solid knowledge base from which research gaps can be identified and sustainable management strate-
gies can be developed to increase the resilience of coastal resources, ecosystems, and communities to seawater
flooding events. Management of coastal fresh groundwater resources often suffers from unclear objectives as
existing conceptual models for vulnerability frameworks often only consider lateral SWI from sea-level rise and
over-pumping (Ferguson & Gleeson, 2012; Klassen & Allen, 2017). However, in many coastal areas, the risks
posed by episodic, flood-driven vertical SWI are potentially greater and more immediate than that of lateral SWI
(Paldor & Michael, 2021; Xiao & Tang, 2019). The goal of this review is to synthesize prior monitoring and
numerical modeling approaches to investigate vertical SWI, detail salinization and flushing processes, identify
associated knowledge gaps, spur new research directions, and highlight coastal groundwater management chal-
lenges and opportunities. By focusing on vertical SWI, this paper complements other SWI review papers that
primarily address lateral SWI (e.g., Ketabchi et al., 2016; Werner et al., 2013).
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Figure 1. Conceptual model of the evolution of vertical saltwater intrusion (SWI) following seawater flooding on a low-elevation coastal aquifer system. (a) Pre-flood
conditions show a coastal aquifer in equilibrium with the ocean and atmosphere; (b) temporary increases in sea level cause flooding to overtop coastal barriers,
inundate the land surface, and infiltrate into the unsaturated zone; (c) post-event salinization by density-dependent flow drives seawater vertically into the aquifer while
the freshwater-saltwater interface moves seaward due to increased aquifer hydraulic head; (d) recovery occurs when infiltrated seawater is flushed from the aquifer
with lateral flow and the interface position recovers (with deeper SWI present). Panel (e) includes complicating factors that exacerbate vertical SWI (see legend).
‘White arrows represent groundwater flow paths. Offshore saltwater circulation is driven by the density gradient across the freshwater-saltwater interface, and fresh
groundwater flow to the sea is driven by onshore hydraulic gradients.

2. Brief Overview of Processes and Vertical SWI Studies

This section provides a brief overview of vertical SWI dynamics (Figure 1) to lay the foundation for the later
sections of this review. Pre-event groundwater conditions (Figure 1a) are disturbed when temporary high sea
levels from tsunamis, storm surges, extreme high tides, high-amplitude waves, or the convergence of these
forcings occurs (Figure 1b), resulting in coastal flooding that triggers vertical SWI (Anderson, 2002; Bilskie
et al., 2014; Post & Houben, 2017). Seawater on the land surface infiltrates (Figure 1c) and migrates into the
subsurface, displacing and mixing with fresh groundwater in the coastal aquifer (Figure 1d). Subsurface migra-
tion and mixing are driven by density gradients between the denser saltwater and underlying freshwater, as well as
vertical hydraulic gradients between pooled seawater and fresh groundwater at depth (Holding & Allen, 2015b;
Terry & Falkland, 2010). The distribution of fresh groundwater is strongly controlled by topography and coastal
morphology, and morphological changes during a flooding event (Figure le) can cause complex feedbacks
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that can increase the total volume of infiltrated seawater (Passeri et al., 2015; Schneider & Kruse, 2006; Yu
etal., 2016; Zhang et al., 2016). Natural remediation of salinized groundwater resources occurs as fresh meteoric
water recharges the aquifer after a flooding event (Figure 1d), causing the saline plume to sink, disperse, and
discharge to streams, wells, and the ocean (Holding & Allen, 2015b; Post & Houben, 2017). Flooding, vertical
salinization, and flushing are naturally successive and occur over different timescales (Figures 1a—1d). These
processes and their timescales depend on a variety of environmental factors, including the event characteristics,
coastal morphological conditions, and the aquifer characteristics (Cardenas et al., 2015; Gingerich et al., 2017;
Xiao et al., 2016; Yang et al., 2015).

Monitoring and modeling vertical SWI are complicated as SWI involves a variety of processes: density-dependent
and variably-saturated flow, coupled solute transport, terrestrial surface flow, coastal hydrodynamics and associ-
ated short-term sea-level fluctuations (e.g., Ataie-Ashtiani et al., 1999), coastal morphodynamics, groundwater
pumping, and climate change. These processes are often interdependent, operate at different time scales, and have
complex integrated feedbacks that must be considered across disciplines (Figure 1e) (Klassen & Allen, 2017).
However, processes have traditionally been studied in different academic disciplines, including coastal engi-
neering, physical oceanography, coastal geomorphology, and hydrogeology, and this approach has narrowed our
ability to holistically understand and predict vertical SWI. Coastal flooding and vertical SWI occur rapidly, with
little warning; however, these short-lived events (hours-days) can cause widespread impacts on fresh groundwater
resources that can sometimes persist for decades (Bailey & Jenson, 2014; Violette et al., 2009).

2.1. Summary of Previous Studies of Vertical SWI

The earliest reports of vertical SWI into coastal freshwater aquifers came from water quality monitoring programs
that observed large and prolonged increases in the salinity of water supply wells after seawater flooded the land
surface (Anderson, 2002, and 1942 data analyzed by Post & Houben (2017)). Since these early reports, field
investigations have captured incidents of vertical SWI across a range of settings as detailed in Table 1. However,
field investigations of vertical SWI following coastal floods are limited given the paucity of coastal ground-
water monitoring infrastructure, insufficient advanced warning, restricted access to flooded coastlines, loss/
damage of monitoring infrastructure during flooding events, and the tendency to focus disaster relief initiatives
and assessments on aboveground impacts (Adger et al., 2018). Further, field investigations have not captured
incidents of vertical SWI across a range of settings and drivers given the breadth of causes (e.g., tides, storms,
tsunamis), geographic distribution of coastal floods, and the random nature of these events. To fill these gaps
and improve our understanding of vertical SWI dynamics across a range of environmental settings, numerical
models have been applied to simulate the complex flow and solute (salt) transport dynamics that have not yet been
captured with direct observations.

Figure 2 shows that the global distribution of vertical SWI field and site-specific modeling studies is limited and
that past studies have been clustered in (a) small islands that depend on fresh groundwater as a primary water
resource, (b) coastal areas disproportionately impacted by large flood events (e.g., the hurricane-battered Atlantic
seaboard and the Indian Ocean coastline impacted by the 2009 Indian Ocean tsunami), and (c) areas with high
population density (e.g., near coastal megacities). There are many regions of the world where no studies have
been conducted. For instance, although Canada has the world's longest coastline, no studies of vertical SWI along
Canada's shoreline were identified. Also, our extensive review of the English peer-reviewed literature did not
uncover any studies focused on the African coastline. Figure 2 also reveals that fewer field monitoring investiga-
tions have been conducted compared to investigations exclusively applying numerical models. This may be due
to the financial and logistical challenges associated with monitoring dynamic environments experiencing vertical
SWI. More recently, studies have been conducted that combine field and modeling techniques, as field data are
often used to parameterize, calibrate, and validate numerical models. Combining field, laboratory, and numerical
modeling approaches is resource intensive but the most effective way to achieve process-based understanding and
develop transferable frameworks to assess coastal aquifers at risk of vertical SWI.
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Table 1
Summary of Field Monitoring Studies of Vertical Saltwater Intrusion (SWI)
Inland Observed
flood or est.
Surge height extent Monitoring Monitoring  time to full
Location Trigger (m) (m) equipment?® Aquifer type® period recovery Citation
North Carolina, Hurricane Emily, 2.75-3.65 1,000 SwW UNC, HET, L 4 years - Kaihotsu et al. (2017)
USA 1993
Samar Island, Super typhoon 5-6 1,250 PW, MW, ERT UNC, C, HET, 2-8 months 5-10years Cardenas et al. (2015)
Philippines Haiyan, 2013 L
Louisiana, USA Hurricane Katrina 36&13 >10,000 PW UNC, C, HET, 9 months - Carlson et al. (2008)
and Rita, 2005 L
Emilia-Romagna  Winter storm, 2015 1 100 TDR, MW UNC, HET, L 26 days - Giambastiani et al.
Italy (2017)
Kwajalein Atoll, Extratropical 0.53 (ponded - SW UNC, HET, L 2 years 22 months  Gingerich et al. (2017)
Marshall Isl. storm, 2008 water)
Spiekeroog, Storm tides, 2013 3.64 500 SW, PWS UNC, HOM 3 years - Holt et al. (2017)
Germany
Tohoku, Japan Sanriku Tsunami 10.70 10,000 SW, SI UNC, HOM 4 years 4 years Wilson et al. (2011)
Florida, USA Hurricane Irma, 2.00 - ERT, MW UNC, HET, L 8 months - Kiflai et al. (2020)
2017
Kachelotplate, Storm tides, 2007 1.35 - MW, PWS UNC, HOM 4 months - Klaassen et al. (2008)
Germany
Sri Lanka Indian Ocean 3-8 1500 PW, DW UNC, HOM 8 months 3 years Illangasekare
Tsunami, 2004 et al. (2006)
Louisiana, USA Hurricane Katrina 36&1.3 >10,000 PW UNC, C, HET, 9 months - Van Biersel
and Rita, 2005 L et al. (2007)
Pukapuka Atoll, Cyclone Percy, - 2,000 PW, MLBH, UNC, C, HET, 2 years - Terry and Falkand
Cook Islands 2005 DW, EM L (2010)
Batticaloa, Sri Indian Ocean 5-12 1,000 DW, MW UNC, HET, L 1 year - Vithanage et al. (2009)
Lanka Tsun., 2004
Batticaloa, Sri Indian Ocean 5-12 1,000 MW, DEW,EM  UNC, HET, L 2 years 15 years  Vithanage, Engesgaard,
Lanka Tsun., 2004 Villholth, and
Jensen (2012)
Tamil Nadu, Indian Ocean 5-12 500 PW UNC, HET, L 4 months 3-7 years Violette et al. (2009)
India Tsun., 2004
Cabretta Island, Tropical Storm Fay 3 100 MLBH, RA, N UNC, C, HET, 2 months - Wilson et al. (2011)
USA L
Sand Engine, Storm tides 3-54 80 MW, ERT UNC, HET, L 3 months - Huizer et al. (2017)
Netherlands
Baltrum, Vincinette Storm, 4.1 800 DW,MLB,EM  UNC, HET,L 8 years 4 years Post and
Germany 1962 Houben (2017)

Note. Notation modified from Mahmoodzadeh and Karamouz (2017).

a3SW-supply well, DW-dug well, PW-private well, DEW-deep well, MW-monitoring well or piezometer, DP-drive point piezometer, MLBH-multi-level borehole,
TDR-time domain reflectometer probes, SI-stable isotopes, Ra-radium isotopes, N-nutrients, EM-electromagnetic geophysics, ERT-electrical resistivity tomography
geophysics. "UNC-unconfined aquifer, C-confined aquifer, HOM-homogenous aquifer, HET-heterogenous.

3. Monitoring and Modeling Techniques for Vertical SWI
3.1. Field Techniques to Monitor Vertical SWI

Field investigations have captured the salinization and recovery (flushing) of coastal aquifers in response to
seawater flooding events across a range of temporal and spatial scales (Table 1, Figure 2). Characterizing the
complex drivers and dynamics of vertical SWI requires multidisciplinary monitoring approaches applying a range
of techniques, as data from individual techniques can be subject to multiple interpretations that may increase our
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Figure 2. (a) The global distribution of field (Table 1) and site-specific modeling (Table S1, electronic supplement) studies
of flood-driven vertical saltwater intrusion (SWI) into coastal aquifers. The locations of coastal megacities (population
>10,000,000) and the distribution of nearshore coastal slopes (tang,,) are also indicated. Insets of regions with a high

density of studies are shown for (b) western Europe and (c) southern India and Sri Lanka. Coastal slope was obtained from
Athanasiou et al. (2019) who calculated slope as the tangent of 3, where f, is the ratio of cross-shore elevation to horizontal
length of the cross-shore profile.

uncertainty in system understanding. Effective monitoring should capture the spatial heterogeneity and tempo-
ral evolution of vertical SWI, and thus monitoring requires point and spatially distributed measurements over
time. Terrestrial field studies have included groundwater head and salinity measurements in wells, aerial and
ground-based geophysical surveys, and environmental tracers (Figures 3a and 3b). Following large floods, survi-
vor accounts, flood lines, and soil salinity surveys also provide invaluable ancillary data to complement coastal
flood and aquifer salinization monitoring.

The most common method for in situ monitoring of aquifer salinization and flushing following seawater inun-
dation is through instruments installed in hand-dug wells, piezometers, monitoring wells, and supply wells
(Figure 3b; Table 1). Such in situ “well-based” measurements are limited in their spatial resolution. However,
when instrumented with conductivity-temperature-depth (CTD) loggers, wells can provide high-resolution time
series that collectively provide valuable insights into the transient nature of episodic vertical SWI dynamics
(Anderson, 2002; Gingerich et al., 2017; Illangasekare et al., 2006; Van Biersel et al., 2007; Violette et al., 2009).
While the interpretation of pressure and electrical conductivity data from wells to reveal groundwater table
rise and salinization is relatively intuitive, studies have also shown that temperature data from CTD loggers in
wells can also be used to trace seawater infiltration/exfiltration and freshwater-saltwater interface movement
(Griinenbaum et al., 2020; Taniguchi, 2000). A key advantage of direct, groundwater measurements from wells
is that they do not require inversion as is needed to interpret geophysical data.
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Figure 3. Monitoring techniques for vertical saltwater intrusion (SWI). Potential methods include (a) geophysical techniques, (b) hydrologic measurements, and (c)
nearshore surface water and aerial measurements. (a) Geophysical methods include airborne and ground-based electromagnetic (EM) techniques as well as surface
and borehole electrical resistivity tomography surveys (ERT) (borehole geophysics profiles based loosely on Mack & Degnan, 2003). (b) Hydrologic and salinity
monitoring is conducted in dug wells, drilled monitoring wells, and multi-level piezometers equipped with stationary conductivity, temperature, and depth (CTD)
loggers to monitor salinization or slowly lowered CTD loggers in small, unmixed, fully screened or uncased wells. (c) Nearshore monitoring is conducted with wave
loggers, buoys, and acoustic Doppler current profilers (ADCP). This pane also highlights the collection of aerial imagery from unmanned aerial vehicles (UAV) and
satellites.

Despite the advantages of direct, in situ well measurements, there are also challenges associated with interpreting
data from coastal wells (Figure 3b). For example, hydraulic head measurements in coastal wells must be corrected
for density variations to ensure a standard framework for comparison (Post et al., 2007). Also, measurements of
water level and electrical conductivity in partially screened wells and piezometers represent the head and salin-
ity at the screened interval provided there is adequate flow through the screened interval (Horn, 2002), and not
conditions at the location of the water table or the CTD logger depth as is sometimes assumed. Further, in both
fully and partially screened wells and piezometers, if groundwater is not flowing rapidly across the screen, the
conductivity measurement may not be representative of the conditions in the aquifer but instead reflect stratifica-
tion and dynamics within the well. In contrast, the temperature measurements from a CTD logger represent the
groundwater temperature at the sensor depth, because the well casing material blocks the flow of water and solute
but allows for radial heat conduction. As a result, the vertical salinity profile recorded by lowering a CTD sensor
in a cased well does not represent the true aquifer salinity profile; however, the thermal profile concurrently
recorded by the CTD logger does represent the aquifer thermal profile in the absence of well mixing (Kurylyk
et al., 2019). Because the location of the freshwater-saltwater interface influences groundwater flow patterns
(Figure 1) and resultant heat advection, such temperature profiles can theoretically yield insight into interface
location and dynamics (Shin & Hwang, 2020; Taniguchi, 2000) and potentially overcome challenges with salin-
ity profiles from cased wells. Further, wells that are uncased or have long screens can allow for short-circuiting
across geologic units and facilitate vertical salinity and head mixing (e.g., Shalev et al., 2009, Figure 1e). Vertical
SWI also causes systematic changes in the chemical composition of groundwater, and thus environmental tracers
(e.g., salinity, chloride, electrical conductivity, stable isotopes, age tracers) can be an effective way to monitor
salinization and flushing processes (Jiao & Post, 2019; Wilson et al., 2011). However, environmental tracers
alone typically cannot provide conclusive evidence of vertical SWI due to the complexity of chemical reactions
and site-specific biogeochemistry.
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Geophysical monitoring techniques that provide measurements of bulk electrical conductivity are well suited
to mapping saline and fresh groundwater zones based on the relationship between salinity and resistivity (low
resistivity seawater and high resistivity freshwater) (Figure 3a). Electrical resistivity tomography (ERT) methods
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use electrodes installed at the surface or in boreholes to induce a current; the potential between the electrodes is
measured, and subsurface conductivity is inferred from an inversion software (Singha et al., 2022). ERT electrode
spacing can be adjusted to provide high-resolution resistivity measurements at depth (e.g., Palacios et al., 2020).
Fixed arrays can also be installed and applied through time, making ERT techniques useful for spanning space and
time when studying vertical SWI and aquifer flushing influences (Huizer et al., 2017; Palacios et al., 2020). ERT
surveys enable the development of two-dimensional resistivity distributions to assess vertical and cross-shore
porewater salinity variations.

Electro-magnetic (EM) geophysical tools use a transmitter to induce an electrical current at a location and a
receiver to measure the resulting magnetic field (Jiao & Post, 2019). Data are interpreted using inversion software
to generate a resistivity model. EM surveys can be ground-based, which often yield higher resolution data, but
improved accuracy has increased the uptake of airborne techniques that increase spatial coverage (Fitterman &
Deszcz-Pan, 1998). As stratigraphy also impacts subsurface resistivity, multiple geophysical methods and direct
measurements (e.g., stratigraphy or salinity) are often needed to interpret resistivity distributions. Complemen-
tary geophysical approaches, such as combining time-domain and frequency-domain EM surveys, can be used to
assess vertical SWI dynamics at multiple spatial scales (Figure 3a; Briggs et al., 2021). Geophysical evaluations
at different spatial scales may also provide the opportunity to investigate vertical SWI processes across a range
of temporal scales (i.e., shallow, recent salinization and older, deeper saline plumes). EM geophysical surveys in
pre-storm conditions can also yield the geometry of the stable freshwater-saltwater interface (Figure 1a), which
can be used to help calibrate and parameterize steady-state groundwater models that are then applied in transient
runs to investigate the impacts of storms and vertical SWI (Pavlovskii et al., 2022). In general, geophysical
methods provide the advantage of yielding spatially continuous subsurface salinity data in at least one dimension
following flooding events; however, these surveys are often limited to discrete points in time, have uncertainty
from the variability of inversion interpretations, and have received limited uptake in prior field investigations of
vertical SWI (Table 1) (Cardenas et al., 2015; Huizer et al., 2017; Kiflai et al., 2020).

While vertical SWI field studies may include terrestrial groundwater hydraulic head and salinity, environmental
tracers, and geophysics, such measurements are rarely paired with nearby measurements of coastal hydrodynam-
ics (e.g., using wave buoys, wave loggers, acoustic Doppler current profilers, or satellites; Figure 3c) that gener-
ate vertical SWI events (Yu et al., 2016). Similarly, few studies pair vertical SWI monitoring with measures of
morphologic change from unmanned arial vehicles and satellites (Figure 3c). The lack of paired hydrogeologic,
hydrodynamic, and morphologic data in vertical SWI studies is in part because nearshore ocean monitoring must
capture events that arise rapidly and are challenging to predict in space and time, whereas terrestrial monitoring
can occur post event. Additionally, the absence of studies with paired offshore and terrestrial data may also be
partially attributed to the tendency of researchers to stay within traditional disciplinary boundaries.

3.2. Numerical Modeling Techniques to Simulate Vertical SWI

Numerical models are irreplaceable tools to investigate present-day and future vertical SWI processes, driv-
ers, and management alternatives on local to global scales. Advancements in process-based understanding and
computational capacity have further bolstered the ability of numerical models for simulating computationally
intensive SWI dynamics. Numerical models have been extensively applied to simulate lateral SWI and the effects
of pumping scenarios, coastal infrastructure changes, and sea-level rise on freshwater and saltwater distributions
in coastal aquifers (as reviewed by Sorek and Pinder (1999) and Werner et al. (2013)). More recently they have
also been applied to simulate coastal flooding and vertical SW1 into coastal aquifers (Table S1, electronic supple-
ment). Numerical modeling codes applied to simulate vertical SWI include SUTRA (Provost & Voss, 2019),
SEAWAT (Langevin et al., 2008), FEFLOW (Diersch, 2013), and HydroGeoSphere (Therrien et al., 2010). All
these models simulate variable-density groundwater flow and transport, but they have had variable success at
simulating real-world seawater flooding and concomitant vertical SWI because of their differing capacities for
simulating unsaturated zone and surface hydraulic processes (Table 2).

These general-purpose modeling codes apply finite difference and/or finite element methods to convert math-
ematically complex governing equations to systems of simultaneous equations for variable-density flow (often
including the unsaturated zone) and solute transport under different boundary conditions (Figure 4). Although
most of these codes were not specifically developed for coastal applications, such codes have been modified
to consider processes in coastal aquifers including the effects of tides and waves on groundwater flow and salt
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Table 2
Common Modeling Codes That Can Be Used to Simulate Vertical Saltwater Intrusion (SWI) and Their Capabilities (Modified From Werner et al., 2013)
Near-
shore
Surface hydraulic ocean
Model name Accessibility? Numerical method Saturation processes dynamics Citation
FEFLOW $, GUI, code not available Finite element Variably saturated No No Diersch (2013)
for editing
HydroGeo-Sphere $, code not available for Finite element (control Variably saturated Yes, non-linear wave No® Therrien
volume) equations et al. (2010)
MOCDENS3D Open access, editable code Finite difference Fully saturated No No Oude Essink (1998)
SEAWAT Open access, GUI, editable Finite difference Fully saturated No No Langevin
et al. (2008)
SUTRA Open access, GUI, editable  Finite element/difference ~ Variably saturated No No Provost and
Voss (2019)

$-license fees, GUI- graphical user interface. "While HydroGeoSphere can simulate surface hydraulics, it does not have specific wave mechanics or coastal storm
routines. Periodic tidal forcing can be accommodated as a transient boundary condition in any of these codes.

transport (e.g., Robinson et al., 2007; Xin et al., 2010). Models, including SUTRA, SEAWAT, and FEFLOW, that
do not include surface domains and are thus unable to explicitly simulate nearshore hydrodynamics and surface
flooding can still be applied to simulate vertical SWI dynamics by representing floods as specified head or
recharge boundary conditions with seawater concentration (Figure 4; Bailey, 2015; Chui and Terry, 2012, 2015;
Gingerich et al., 2017). This approach requires an accurate estimate of the flooding extent and depth and/or the
volume of infiltrated seawater. This is challenging because flood area and depth depend on hydrodynamics,
topography, and surface retention, as highlighted in Figure 1 (Gingerich et al., 2017; Huizer et al., 2017; Post &
Houben, 2017; Violette et al., 2009). Such processes should ideally be considered in a coastal surface hydrody-
namic model or be directly measured. As such, models applying this approach likely incorrectly estimate infil-
trated seawater volumes and the consequent extent of aquifer salinization and recovery duration.

Modeling Challenges No flow

Ocean-Aquifer flux
« Continuous fluxes from ocean to No flow
aquifer and vice versa (e.g.
infiltration impacts wave runup)
+ Require coupled models of &
hydrodynamics and Specified head-=
groundwater flow which operate orflux-(Flood
at different timescales Recharge)

o Ocean Boundary S : i = 2

«  Overly simplified analytical R = S
approximations of tidal and
wave overheight

« Wave setup is often ignored

« Wave runup cannot be
accommodated in most codes

« Limited capacity to simulate
storms and surges

Coastal Topography
*  Must be well constrained to
capture surface flooding

« Subject to morphologic change No flow (bottom)
« Requires a flexible mesh

Figure 4. An example of a three-dimensional numerical model domain (adapted from Pavlovskii et al., 2021) of a sandy
barrier island including the typical boundary conditions applied for simulating vertical saltwater intrusion (SWI). Modeling
challenges specific to vertical SWI are identified in the boxes.
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Recently, Elsayed and Oumeraci (2018a) overcame challenges associated with the lack of surface routines in
groundwater models by applying a more advanced approach that used the results of the nearshore hydrody-
namic model XBeach (Roelvink et al., 2010) as a boundary condition for a MODFLOW groundwater model. A
similar approach was used to couple XBeach with SUTRA (Storlazzi et al., 2018). Other studies have applied
HydroGeoSphere, which can simulate coupled surface and subsurface density-dependent fluid flow in a variably
saturated system during flooding using non-linear shallow-water equations (Therrien et al., 2010). This approach
for simulating surface hydrodynamics ignores short wave effects (wave run-up, run-down, and breaking) for
the surface water domain, which can be important drivers of coastal barrier breaching. In HydroGeoSphere,
surface conditions can be transferred to the subsurface domain to simulate vertical SWI dynamics (Paldor &
Michael, 2021; Yang et al., 2015; Yu et al., 2016). None of the groundwater modeling codes considered in this
review allow for morphologic change, which is a general groundwater model limitation (Sections 4.1.2). Despite
limitations, studies have employed groundwater models to assess the impacts of coastal flooding on vertical SWI
and recovery including the effects of topography, aquifer geometry and properties, climate impacts, and flood
characteristics (Table S1).

4. Process-Based Understanding Revealed Through Field and Modeling
Investigations

4.1. Influence of Surface Conditions and Processes on Vertical SWI

Vertical SWI is influenced by multiple surface drivers and conditions that vary spatially and temporally and
cause complex mixing patterns between fresh and saline groundwater. Flooded seawater is the source of vertical
SWI, so understanding how surface flood characteristics influence the spatial and temporal patterns of vertical
SWI is critical. Coastal morphology also influences seawater flooding and hydrogeological processes in coastal
aquifers. This is particularly important along coastlines that experience frequent morphologic changes that can
control vertical SWI and aquifer flushing. As described in the following sections, field and numerical modeling
investigations have revealed the extent to which surface hydrodynamics and coastline morphology prior to and
following a flood can influence vertical SWI dynamics in coastal aquifers.

4.1.1. Surface Characteristics of Floods

Coastal floods vary in terms of their area, depth, and duration, all of which influence the volume and rate of
vertical SWI. Modeling investigations have found that of these characteristics, the spatial extent of land surface
inundation has the largest impact on the total volume of aquifer salinization (Bailey, 2015; Chui & Terry, 2012;
Huizer et al., 2017; Yu et al., 2016). Coastal flooding due to storm surge can be exacerbated during periodic high
water levels that occur, for example, at spring high tides (Ataie-Ashtiani et al., 1999). Field studies have indicated
that the spatial extent of surface flooding determines the area where vertical SWI will occur, and that seawater
ponding will intensify seawater infiltration (Kiflai et al., 2020; Terry & Falkland, 2010; Yu et al., 2016). Aquifer
salinization can extend beyond the surface extent of flooding if flood waters cross a groundwater divide (Liu
& Tokunaga, 2020). The flood water depth controls the vertical hydraulic gradient that drives infiltration and
downward flow into a fresh aquifer. Flood duration is not as important as the total volume of infiltrating seawater,
owing to the difference in the timescales between flood events (hours to days) and natural remediation intervals
(months to years) (Chui & Terry, 2013; Elsayed & Oumeraci, 2018b; Post & Houben, 2017). These findings
were confirmed by the field-informed modeling investigation of Violette et al. (2009), who found that infiltration
following coastal flooding only partly accounted for the volume of vertical SWI, and the total volume of vertical
SWI could only be fully explained from sustained infiltration from local depressions. In contrast to the extent
of flooding, which increases the plan view area of aquifer salinization, long periods of surface water ponding
can drive seawater to greater depths in coastal aquifers due to the sustained saline recharge source and density
differences (Chui & Terry, 2013). Infiltrated water may also temporarily cause elevated groundwater levels that
push the saltwater-freshwater interface seaward, which in turn triggers lateral SWI when the interface rebounds
years later (Paldor & Michael, 2021).

4.1.2. Surface Morphology and Dynamics

Nearshore bathymetry and coastal topography exert strong controls over the propagation and retention of floods
across low-elevation coastal areas (Figure 1). Topography controls wave run-up, overtopping potential, flood
extent, flood recession, surface water (seawater) ponding, and groundwater hydraulic gradients, all of which
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Figure 5. Conceptual diagram of coastal morphodynamic impacts on vertical saltwater intrusion (SWI) with a focus on the contrast between (a) an intact coastline, (b)
a laterally eroded coast with extended surface flooding due to the removal of a foredune, (c) an intact vertical profile, and (d) a vertically eroded profile with reduced

infiltration capacity.

impact vertical SWI and recovery (Anderson & Lauer, 2008; Bailey, 2015; Yu et al., 2016). Wave run-up and
surface flooding extend further inland along low-elevation coastlines compared with high-elevation coastlines
(Alsumaiei & Bailey, 2018; Anderson & Lauer, 2008). Coastal vegetation can further play an important role in
dissipating wave energy, flood extent, and vertical SWI (Guimond & Michael, 2021). Behind coastal berms,
topography strongly influences the occurrence and depth of surface ponding and underlying vertical hydraulic
gradients (Ramsey et al., 2011). Mesoscale topographic features (m to km) therefore play an important role in
determining the distribution and total volume of seawater flooding on a coastal landscape and the subsequent
infiltration of seawater into aquifers, even after most of the surface flood subsides (Chui & Terry, 2015; Gingerich
et al., 2017; Urbano & Thibault, 2005; Yu et al., 2016). Under topographic depressions, concentrated saline
plumes form that are slow to flush (Chui & Terry, 2015). Microscale topographic variations (cm to m) also influ-
ence seawater storage and infiltration patterns; however, as they occur on small scales, their widespread impact is
limited and they are impractical to consider within larger-scale models (Le & Kumar, 2017; Yu et al., 2016). The
orientation of topographic features relative to the coast also influences their impact on the pattern and volume of
vertical SWI. For instance, features aligned parallel to the coast will intensify vertical SWI if breached because
of their tendency to retain seawater (Yu et al., 2016). Further, following a flood, topographically driven fresh
groundwater flow strongly influences the persistence of salt contamination within aquifers as it can limit the
formation of saline plumes, stabilize the system, and rapidly flush infiltrated seawater (Anderson, 2002; Post &
Houben, 2017; Vithanage, Engesgaard, Jensen, et al., 2012).

Coastal morphology is continuously evolving, and topographic features across a range of spatial scales can erode
and accrete under waves, storm surges, and floods (Figure 5; Elsayed & Oumeraci, 2018b; Houser et al., 2008;
Huizer et al., 2017; Morton & Sallenger, 2003). Given the influence of topography on coastal floodwater reten-
tion and vertical SWI, morphologic change can impact groundwater salinization and recovery and, in some cases,
reinforce and exacerbate flooding patterns and impacts to ecosystems and populations. A review by Passeri
et al. (2015) highlighted that low-elevation coasts prone to erosion will likely experience increased coastal
submergence and flooding over time. Such changes will likely increase the amount of vertical and lateral SWI
as the coast adjusts (Holt et al., 2019). This is expected, as lateral erosion of a coastal barrier has the potential to
increase the landward extent and volume of seawater that can flood and infiltrate (Figures 5a and 5b). Figure 5
depicts a general case where erosion leads to a greater flooding extent and more floodwater retention. However,
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the influence of morphologic change may be more complex than illustrated in Figure 5 as eroding coastal topog-
raphy impacts the geomorphologic connectivity of a coastline and as such can impact the volume and duration of
flooding (Yu et al., 2016). For example, a smoother, eroded surface with fewer depressions may limit the amount
of ponded seawater. Also, when pronounced erosion events occur during coastal storms, coastal aquifers may be
in disequilibrium, and in some cases, this can lead to a reduction in background hydraulic gradients and aquifer
thinning that exacerbates vertical SWI (Schneider & Kruse, 2003).

4.2. Groundwater Salinization Processes

Monitoring and modeling have revealed that subsurface salinization can be observed within hours to days follow-
ing a flooding event (e.g., Anderson, 2002), while peak salinization at the water table is often not observed until
some period (e.g., 1 month) after an event (Cardenas et al., 2015; Violette et al., 2009). This time lag occurs as
seawater continues to gradually percolate through the vadose zone of the flooded extent even after the flood
has receded. Vertical SWI patterns vary in space and time as salinization is controlled by vertical hydraulic
gradients, free convection, and aquifer properties. Initially vertical hydraulic gradients between flooded seawater
and freshwater at depth drive salinization and saturation of the vadose zone (Section 4.2.1). Once infiltrated,
density differences between seawater and freshwater drive free convection that leads to complex salinity patterns
(Section 4.2.2) that are eventually flushed by dispersion and background groundwater flow.

4.2.1. Salinization of the Vadose Zone

Several studies have shown the important role of the vadose zone for vertical SWI into fresh, unconfined coastal
aquifers (e.g., Holding et al., 2016). Flooded seawater infiltrates and saturates the vadose zone rapidly as flood-
water creates high vertical hydraulic gradients that drive the rapid infiltration of floodwater down to fresh ground-
water at depth. Once saturated, the subsurface cannot support high infiltration rates, and flooded seawater can be
lost via evapotranspiration and return flow to the ocean or local depressions. Thus, the thickness of an aquifer's
vadose zone impacts the volume (infiltration capacity) and timing of vertical SWI into a fresh coastal aquifer
(Chui & Terry, 2012; Liu & Tokunaga, 2020), similar to how antecedent water table depth plays a key role in
flood retention in inland watersheds (Biron et al., 1999). The vadose zone thickness varies with the landscape
and season. For example, the vadose zone may be thin in a low-elevation, sedimentary environment and thick in
a steep fractured aquifer (Holding & Allen, 2015b).

Erosion can reduce vadose zone dimensions and the infiltration volume during a flooding event (Figures 5c
and 5d), while accretion can result in a thicker vadose zone. Also, because the water table rises and falls
between wet and dry seasons, the timing of flood events between seasons can impact the SWI volume (Bailey
& Jenson, 2014). Soil salinity following a flooding event remains elevated for a prolonged period and may even
increase due to evapotranspiration. Residual soil salinity (e.g., a result of evapoconcentration) can result in a
second pulse of saline water when subsequent precipitation leaches salt into the fresh groundwater (Sivakumar
& Elango, 2010; Violette et al., 2009; Williams, 2010). Unsaturated zone dynamics may not need to be included
in a model if the infiltration occurs rapidly and the flux of infiltrated seawater can be accurately estimated (Chui
& Terry, 2012). However, such accurate estimation is seldom possible, and generally speaking, excluding or
poorly parameterizing an aquifer's vadose zone will result in inaccurate simulations of vertical SWI (Liu &
Tokunaga, 2020).

4.2.2. Free Convection

The salinity of infiltrated seawater in a coastal aquifer is often at least slightly lower than that of seawater as it
is diluted by precipitation and mixing with fresh groundwater; however, infiltrated water is still denser than the
deeper fresh groundwater. Through field observations and laboratory experiments, Illangasekare et al. (2006)
found that infiltration is initially driven by forced convection from hydraulic head gradients, but as the surface
hydraulic head dissipates, free convection of seawater from density differences dominates vertical flow. Thus,
convection dynamics are critical for understanding vertical SWI processes.

Free convection is a form of fluid and solute transport that can occur in coastal aquifers when episodic, periodic,
or long-term transgressions in sea level cause more dense seawater to overlie freshwater (Jiao & Post, 2019;
Simmons, 2005). Free convection has received significant attention in the scientific literature because many natu-
ral and anthropogenic processes result in unstable density stratifications in groundwater systems (Simmons, 2005).
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Infiltrated seawater overlying less dense fresh groundwater after a flood is one such example of unstable density
stratification (Cardenas et al., 2015; Post & Houben, 2017; Post & Kooi, 2003; Terry & Falkland, 2010). Labo-
ratory investigations and numerical modeling (with little to no support from field programs) have indicated that
unstable density distribution can cause convective fingers to form at the interface between infiltrated seawater
and underlying freshwater. This fingering causes seawater to be transported to greater depths (Figures 1c and le),
emplacing it further within the underlying fresh aquifer (Xie et al., 2012). The formation of convective fingers
depends on the density contrast, permeability, and competing transport from hydraulic gradients and dispersion
that dissipate density-driven flow (Xie et al., 2011). The general criterion for free convection is represented by a
dimensionless Rayleigh number, Ra:

_ ApgkH

Ra
uD.

@

where Ap is the difference in density between fresh and saline water (M L—3), g is gravitational acceleration
(L t72), k is intrinsic permeability of the porous media (L?), H is the aquifer thickness (L), ¢ is dynamic fluid
viscosity (M L~! t71), and D, is a coefficient accounting for dispersion and diffusion (L2 t™!) (Xie et al., 2011).
This form of the Rayleigh equation is often applied along the coast using standard values for the density of fresh-
water (~1000 kg m~3) and seawater (~1025 kg m~3). In macroscopic, homogenous systems a Rayleigh number
above 6,000 is assumed to indicate free convection; however, transience, aquifer heterogeneity, and flow limit
the applicability of this criterion in field applications (Post & Kooi, 2003; Simmons et al., 2001). The velocity
of convective finger descent has a large control on the rate and extent of vertical SWI, and relationships have
been established to predict migration rates of individual fingers and long-term salinization (Post & Kooi, 2003).
In general, patterns and rates of convective finger descent are complicated by aquifer anisotropy, heterogeneity,
diffusion, and background lateral groundwater flow and have been the subject of several review papers (e.g.,
Simmons et al., 2001; Xie et al., 2012).

4.2.3. Influence of Aquifer Properties

Numerical modeling studies have demonstrated that the hydraulic and storage properties of the vadose and
saturated zones play a key role in controlling the volume and flow of fresh groundwater and, therefore, the
infiltration and flushing of saline water (Liu & Tokunaga, 2020). The infiltration rate and movement of saline
groundwater is strongly influenced by the aquifer hydraulic conductivity. Generally, high-permeability aquifers
are more susceptible to initial vertical SWI and salinization (Anderson & Lauer, 2008; Holding & Allen, 2015b;
Yang et al., 2015), while low-permeability aquifers experience lower infiltration rates, fewer density-driven insta-
bilities, and shallower/reduced SWI, which combine to preserve potable freshwater resources at depth (Bailey
& Jenson, 2014; Chui & Terry, 2012; Vithanage, Engesgaard, Jensen, et al., 2012). Field observations reveal
that shallow, high-permeability aquifers are salinized rapidly, but these also recover more quickly compared
to lower-permeability aquifers (Terry & Falkland, 2010). Aquifer storage has received limited attention but is
expected to cause a nonuniform hydraulic response that will cause enhanced mixing via time dependent velocity
fields, similar to what has been observed in coastal aquifers influenced by tides (Pool et al., 2014).

Subsurface heterogeneities lead to complex salinization patterns (Mahmoodzadeh & Karamouz, 2019). Modeling
studies have shown that local aquifer heterogeneity complicates flow paths for infiltrating seawater. Solute transport
and fingering increase dispersion and thus the aquifer volume impacted by vertical SWI (Post & Houben, 2017;
Yang et al., 2015, 2018). Holding et al. (2016) demonstrated that horizontally aligned high-permeability zones
limit the spatial extent of saline plume migration, whereas vertically aligned high-permeability zones promote
vertical migration of saline water. Groundwater flow occurs preferentially in high-permeability layers, whereas
low-permeability layers act as barriers to flow and thus lead to the compartmentalization of fresh and saline
water (Holding et al., 2016). Also, in heterogeneous aquifers, low-permeability zones can retain saline water,
while high-permeability zones are flushed more rapidly through preferential flow paths (Bailey, 2015; Cardenas
etal., 2015; Holding & Allen, 2015b; Yang et al., 2018). Further, in heterogenous aquifers, the effects of dynamic
ocean forcing (e.g., tides) on the distribution of salinity in the aquifer are reduced (Pool et al., 2015).

Other aquifer properties specified in numerical models, such as anisotropy and dispersivity, are known to impact
vertical SWI but their effects have not been widely examined. Chui and Terry (2012) modeled the effect of
aquifer anisotropy and found that isotropy does not promote faster mixing immediately after a flooding event
but increases mixing in late-stage recovery. Numerical model results are highly sensitive to aquifer dispersivity
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parameters as high dispersivity promotes mixing and increases the contaminated aquifer volume (Bailey &
Jenson, 2014; Chui & Terry, 2012). Post and Houben (2017) found that high dispersivity and diffusion parame-
ters cause modeled saline plumes to migrate deeper, thus increasing the recovery time. In general, aquifer heter-
ogeneity, anisotropy, and dispersivity are challenging to measure in the field and parameterize in a model, but
misrepresenting these parameters can cause inaccurate estimates of vertical SWI and recovery. Moisture retention
and the cation exchange capacity of different soils and sediments may also affect leaching of salt post-event (e.g.,
Seibert et al., 2018), although, to our knowledge, no studies have investigated these processes across field sites
and soil/sediment types. For this reason, it is important that studies conduct sensitivity analyses to assess how
individual aquifer parameters can influence vertical SWI and recovery (Chui & Terry, 2012).

4.3. Flushing Processes

Understanding aquifer flushing processes is critical to predict aquifer recovery and restore potable water supplies.
Field investigations of aquifer recovery (flushing) following vertical SWI (Figures 1c and 1d) rarely capture
the complete (years to decades) return to pre-event conditions due to the challenge of maintaining long-term
monitoring programs (Table 1). Nevertheless, critical insights into the processes that drive and enhance aquifer
flushing have been gained through both field and modeling studies. Initially, the spread of infiltrated saline water
is driven by density differences, but recharged fresh precipitation and background land-sea hydraulic gradients
drive aquifer flushing and dominate recovery (Holding & Allen, 2015b; Post & Houben, 2017). Also, fresh
recharge following a coastal flood floats above infiltrated seawater, and this layering limits flushing and can be
maintained through time by density differences (Post & Houben, 2017).

Coastal storms are often associated with high precipitation rates that dilute saline floodwater, displace infil-
trated seawater, decrease aquifer salinity, and increase aquifer recovery rates (Terry & Falkland, 2010; Vithanage,
Engesgaard, Jensen, et al., 2012). Conversely, dry periods and associated evaporation following a coastal flood
event can increase the salinity of standing floodwater, which can ultimately increase the total depth of salini-
zation because of the increased density difference between the fresh and saline water (Lu, 2021). For example,
Gingerich et al. (2017) monitored and modeled aquifer recovery in the Republic of the Marshall Islands and found
that partial recovery occurred in the wet season, while pronounced dry seasons and notably low annual precipita-
tion rates considerably prolonged aquifer recovery for up to 22 months. It is likely that snowmelt dynamics (initial
storage and melt timing/rate) also play a role in aquifer flushing after vertical SWIin cold regions; however, stud-
ies are generally lacking in cold regions (Figure 2). In general, precipitation events following coastal floods are
critical for more rapid aquifer recovery, while prolonged dry periods can aggravate aquifer salinization (Anderson
& Lauer, 2008; Villholth et al., 2010; Vithanage, Engesgaard, Jensen, et al., 2012).

The seasonal timing of vertical SWI also impacts aquifer recovery. Studies have shown that in the wet season,
high antecedent moisture content and aquifer recharge rates reduce vertical SWI and accelerate aquifer recov-
ery, whereas, in the dry season, higher infiltration and low flushing rates increase vertical SWI (Bailey &
Jenson, 2014). As a result, the timing of an event within seasonal cycles impacts the rate of early-stage aqui-
fer recovery (Alsumaiei & Bailey, 2018; Bailey, 2015; Bailey & Jenson, 2014; Xiao et al., 2019). Gingerich
et al. (2017) observed that the modeled return to potable water levels occurred 5 months faster if an event
occurred in the wet season as opposed to the dry season. The impacts of seasonal factors on aquifer recovery
emphasize the importance of using event-representative recharge for model boundary conditions instead of aver-
age recharge conditions to ensure satisfactory representation of antecedent conditions and recovery behavior
(Gingerich et al., 2017). These model findings examining the effects of seasonal changes in recharge also have
implications for the impact of natural climate oscillations, such as El Nifio and La Nifia (Briggs et al., 2021), on
aquifer recovery.

Aquifer recovery can be complicated by land surface topography and anthropogenic actions as illustrated in
Figure le. Generally, aquifer flushing occurs faster with increasing distance from the coast; however, flushing of
the aquifer further inland can be delayed by topographic and associated groundwater flow divides that prevent
groundwater discharging to the coast (Cardenas et al., 2015; Vithanage, Engesgaard, Jensen, et al., 2012). Topo-
graphic lows in the coastal landscape can pool seawater, which can provide a focused and persistent source of
salinized groundwater recharge that prolongs aquifer recovery (Terry & Falkland, 2010).
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Figure 6. Propagation of impacts from climate change and coastal human activities leading to vertical saltwater intrusion
(SWI) and coastal zone change. The resulting impacts to coastal ecosystems and socioeconomic indicators motivate responses
through informed management (dashed arrows). Other feedbacks are possible, such as linkages between ecosystem change
and socioeconomic impacts and coastal barrier overtopping. Light blue boxes indicate atmospheric and near-surface
hydro(meteoro)logy considerations, dark blue indicates marine processes, green indicates ecosystem impacts, yellow
indicates coastal morphodynamics, and gray indicates the social considerations for this topic.

4.4. Complications to Vertical SWI Processes From Anthropogenic Influence
4.4.1. Anthropogenic Interference and Remediation

Human activities have drastically altered the global coastline (He & Silliman, 2019; Williams et al., 2021), and
investigations assessing how these alterations interact to lessen or exacerbate vertical SWI are critical as coastal
populations continue to grow (Figure 6). Salinization of wells is often observed in the hours immediately follow-
ing a seawater flooding event, although it typically takes much longer for seawater to percolate through the vadose
zone (Bailey & Jenson, 2014; Cardenas et al., 2015). Often, the rapid salinization of wells occurs through local
direct, focused flow paths via open or damaged boreholes, ditches, and wells (Figure 1e) (Bailey & Jenson, 2014;
Holding & Allen, 2015b; Illangasekare et al., 2006). Poorly sealed wells can facilitate the rapid influx of seawater
into deeper confined aquifers (Cardenas et al., 2015) that would not have been contaminated for months, if at all,
had the wells not been present (Figure 1le).

Following vertical SWI, water resources managers are faced with the challenge of meeting potable water demands.
To remediate wells contaminated by salt and potentially bacteria, extensive aquifer pumping, and chlorination
are often performed (Carlson et al., 2008; Kaihotsu et al., 2017; Van Biersel et al., 2007). Disaster response
efforts to reduce aquifer recovery times and restore potable water supply by pumping salinized groundwater and
chlorinating wells can complicate flushing dynamics (Carlson et al., 2008; Illangasekare et al., 2006; Van Biersel
et al., 2007). For instance, active pumping wells can draw saline water radially inward and influence the pattern
of saltwater fingering (Figure 1le). These remediation techniques have had variable success as excessive pumping
can also result in up-coning from a saline plume at depth or the lower salt wedge, and disposed pumped saline
water on the land surface can reinfiltrate and lead to re-salinization of the aquifer (Illangasekare et al., 2006;
Vithanage, Engesgaard, Jensen, et al., 2012). Further, studies have revealed that pumping to meet consumptive
demands can prolong aquifer salinization relative to undisturbed recovery scenarios, emphasizing the impor-
tance of minimizing aquifer disturbance following salinization (Alsumaiei & Bailey, 2018; Gingerich et al., 2017,
Vithanage et al., 2009). Studies have also shown that it is not uncommon for stratification or increases in salinity
to continue to occur long after flooding events and remediation efforts. For example, Illangasekare et al. (2006)
suggested that persistent SWI often occurs because of the multiple timescales and volumes of seawater that (a)
enter wells directly, (b) enter through the vadose zone, and (c) are pumped during remediation, and how these
seawater volumes compare to (d) the volume and rate of fresh recharge.
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Alternative interventions, including pumping pooled seawater and applying artificial freshwater recharge,
have been attempted and have successfully reduced aquifer recovery periods (Gingerich et al., 2017; Post &
Houben, 2017; Vithanage et al., 2009). Pumping seawater pooled in topographic depressions after a flood event
or implementing artificial freshwater recharge may be effective approaches to decrease the volume of infiltrated
seawater, and thus reduce the time to achieve potable water standards or full aquifer recovery (Chui & Terry, 2012;
Gingerich et al., 2017). Numerical models have also been applied to assess the effectiveness of preventative meas-
ures to minimize the impacts of coastal flood events, including surface and subsurface barriers and subsurface
drainage networks (Elsayed & Oumeraci, 2018a; Yang et al., 2018). Although surface barriers are effective at
reducing vertical SWI, they may also reduce natural remediation (e.g., by reducing fresh recharge) and increase
risks to surface water bodies and erosion as they can increase overland flow (Le & Kumar, 2017). Subsurface
drainage networks may be able to reduce the total volume of vertical SWI by collecting infiltrating seawater and
discharging it to the coast (Elsayed & Oumeraci, 2018a). Although not completely effective at preventing vertical
SWI, this technique may be able to confine SWI to shallow depths, but it may also result in long-term lateral SWI
because it lowers the local water table. In addition to “hard infrastructure” simulations have shown that green
infrastructure alternatives, such as salt marshes, have the potential to reduce flood frequency and extent, and
minimize vertical SWI impacts (e.g., Guimond & Michael, 2021).

4.4.2. Anthropogenic Climate Change Impacts on Vertical SWI

Numerical models serve as valuable tools for investigating the “what if” effects of future climate change scenarios
on vertical SWI. Figure 6 represents the cascading impacts of anthropogenic climate change on vertical SWI as
described further in this section. Data analyses suggest that the trends in storm surge elevations and sea-level rise
are comparable (Calafat et al., 2022), but disentangling their impacts on lateral and vertical SWI is challenging.
Numerical models considering sea-level rise, coastal storms, and vertical SWI have found that higher sea levels
will result in more extensive flooding (spatial extent and depth) and greater vertical SWI (Figure 6; Xiao &
Tang, 2019). Other modeling studies suggest that sea-level rise will drive a long-term thinning of the vadose zone
in topography-limited coastal groundwater systems and will thereby reduce the volume of infiltrating seawater
during a coastal flooding event (Chui & Terry, 2013; Holding & Allen, 2015a). On the other hand, higher sea
levels relative to coastal aquifer water tables lead to lower hydraulic gradients that are expected to reduce aquifer
flushing and prolong salinization following a vertical SWI event (Terry & Chui, 2012). In addition to rising sea
levels, the increasing frequency and intensity of storms have the potential to dominate future coastal aquifer
salinization (Paldor & Michael, 2021; Xiao & Tang, 2019), at least in low-elevation zones. For example, Xiao and
Tang (2019) used HydroGeoSphere to compare the relative impact of coastal storms and sea-level rise on coastal
aquifer salinization and found that episodic vertical SWI caused by storms may have a greater future impact on
coastal freshwater resources than sea-level rise.

Discussions so far have been limited to the effect of a single storm event; however, as the global climate changes,
the recurrence time between large storms and associated coastal flooding events is decreasing (Almar et al., 2021).
As the frequency of coastal flood events increases, so does the potential for successive events to impact a coastal
aquifer before full recovery is achieved (Anderson & Lauer, 2008; Paldor & Michael, 2021). Some studies have
observed a second peak in salinity after the initial vertical SWI event because wet season precipitation can flush
residual soil salinity into the aquifer (e.g., Violette et al., 2009), or because a second seawater flood event can
occur and re-salinize the surface and subsurface (Holt et al., 2017). Additional inputs of saline water during aqui-
fer recovery cause complex patterns in the subsurface salinity distribution, and in some cases lead to the presence
of shallow and deep saline plumes (Figure 1e). In general, multiple flood events separated by short time intervals
may result in persistent salinization due to repetitive vertical SWI (Figure le). Model results have shown that
with more frequent coastal floods (lower return periods), the recovery of the aquifer may be slower relative to the
return period (Paldor & Michael, 2021). In an island environment, repetitive surges can result in multiple fresh
groundwater lenses that form as salinization and recovery occur for each event (Holt et al., 2017).

Climate change is also anticipated to alter global precipitation and evapotranspiration regimes. Changes to precip-
itation and evapotranspiration will collectively influence fresh groundwater recharge patterns in space and time,
and thereby impact aquifer recovery dynamics following vertical SWI as described in Section 4.3 (Figure 6;
Green et al., 2011). In summary, changes in atmospheric, hydrodynamic, and hydrogeologic conditions in the
face of climate charge are projected to increase incidents and impacts of vertical SWI and have the potential to
critically threaten coastal water security in the coming decades.
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5. Research Opportunities

Our review highlights that research efforts have focused on understanding the drivers, physics, and impacts of
vertical SWI. However, despite recent field and modeling advancements, knowledge gaps remain. While prior
studies have shown that topography, geology, climate, and anthropogenic factors strongly influence vertical SWI
and flushing patterns, there are no existing frameworks available to reliably predict impacts across a range of
conditions and thereby help guide suitable remediation actions. We separate knowledge gaps and research oppor-
tunities into monitoring, modeling, and management opportunities that could help improve fundamental under-
standing of vertical SWI and thereby inform management alternatives and increase future coastal freshwater
resilience (Figure 6). This discussion is based on technological advancements in monitoring and modeling as
such advancements will help address scientific questions and yield new process-based insight into vertical SWI.
By monitoring the impact of past flooding events, we can understand drivers, processes, and risks in the present
day. Through modeling we can help interpret field data and gain better insight into these past events, and project
future vertical SWI risks and evaluate adaptation and mitigation approaches.

5.1. Monitoring Opportunities

There are significant opportunities for future research to address existing knowledge gaps with more extensive
and long-term monitoring. Past hydrodynamic, morphodynamic, and hydrogeologic datasets of combined ocean,
land surface, and aquifer conditions preceding, during, and following large coastal flooding events are limited
in their spatial and temporal resolution and scale, as detailed in Section 3.2. There is a general need for invest-
ment in baseline mapping of coastal fresh groundwater resources and infrastructure to provide a foundation for
global SWI monitoring and a datum from which to assess future change. Extensive global monitoring networks
and geophysical mapping will help address research questions focused on the global distribution of vertical SWI
risks across settings and hydrodynamic drivers, relative impacts of vertical and lateral SWI, transport paths and
residence times of saline water from infiltration to flushing, and the global SWI trends in a changing climate.
To achieve a global understanding, this review (see past studies in Figure 2) has identified that more studies are
particularly needed in continental coastal environments, coastlines with complex geologies and topographies
(rather than relatively homogeneous beaches), urban areas with infrastructure and altered land cover, and colder
climates where sea ice and ground ice play a key role in ocean forcing and/or coastal groundwater dynamics (e.g.,
Charkin et al., 2017; Guimond et al., 2021, 2022). Thus, there is a host of future opportunities to develop and
advance monitoring approaches.

Future research should also explore diverse field techniques, with a focus on low-cost applications for long-term
monitoring. Investigations that consider water level, salinity, geophysical, and environmental tracers in tandem to
quantitatively assess vertical SWI patterns in space and time are rare (Table 1). Traditionally, coastal monitoring
networks are designed to capture lateral SWI, but these should be adapted to capture vertical SWI by pairing shal-
low wells that capture infiltration processes with deeper wells that can monitor the freshwater-saltwater interface
movement, saline plumes, and flushing processes. Further, monitoring networks must include more robust instal-
lations for dynamic coastal environments to prevent the damage and loss of instruments and data during intensive
storms. Conducting time-lapse geophysical surveys (e.g., EM-based) in the vicinity of these wells before and
after storms can help connect the discrete data from the wells into a spatially continuous understanding of aquifer
salinization/recovery.

Improvements in sampling techniques and analytical methods for environmental tracers have increased the reso-
lution and accuracy of these methods to better identify water origin and residence time. These data will be critical
as we attempt to understand the biogeochemical impacts and feedbacks of vertical SWI. Advancements enable
the upscaling of these methods to spatial scales relevant for management (Garcia-Orellana et al., 2021). There are
also opportunities to develop and employ other environmental tracers, such as heat, to monitor the fluxes between
ponded surface water and groundwater, to estimate fresh or saline groundwater exfiltration rates along a coastline,
or to assess the effects of morphologic change (Gilfedder et al., 2021; LeRoux et al., 2021; Wilson et al., 2016).
There is a particular need for detailed maps of nearshore bathymetry and coastal topography to inform groundwa-
ter model development, monitor coastal change, and predict flooding incidents (Almar et al., 2021). In an age of
remote sensing and big data, there is the opportunity to map antecedent (pre-flood) topography and bathymetry
as benchmarks to relate surface and subsurface disturbances and thereby better quantify and explain vertical SWI
impacts and recovery. Advances in satellite systems and UAVs are drastically increasing monitoring coverage
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and resolution, and the cost of these data is declining, with some satellite imagery freely accessible. Further,
advancements in land-based and airborne geophysical tools (Figure 3) now enable 3D subsurface mapping at
local and regional scales, but time-lapse surveys are required to assess temporal changes in salinity distributions
in response to coastal floods.

Coastal storm events, their drivers, and their impacts lie at the nexus of multiple scientific disciplines, including
climate science, ecology, oceanography, coastal geomorphology, hydrology, and hydrogeology (Figure 6). These
distinct disciplines often operate within disciplinary bounds, and as such, few field-based hydrogeologic investi-
gations have explicitly monitored coastal hydrodynamic drivers or morphodynamic change. For example, hydro-
geologists have traditionally focused on the impacts of vertical SWI on fresh groundwater resources and have
often overlooked the pronounced ecosystem impacts of soil and porewater salinization. Coastal oceanographers
often focus on the marine impacts of seaward flow rather than the terrestrial effects of landward inputs of seawa-
ter. This disciplinary compartmentalization presents a challenge because the dynamics of interest to the different
disciplines often operate on vastly different temporal and spatial scales. For example, surface hydrodynamic
monitoring typically focuses on the well-constrained period of a flood, while aquifer salinization is persistent and
requires monitoring over longer periods, and even then, the impacts of successive storms are difficult to disentan-
gle. These challenges highlight the need for multidisciplinary and long-term coastal groundwater studies that
integrate nearshore processes with terrestrial dynamics (Figure 6). Such studies will be the most effective way
to answer interrelated scientific and management questions related to the geochemical, hydrodynamic, morpho-
logic, and ecologic controls and feedbacks in the context of vertical SWIL.

Increasingly, multidisciplinary teams are assembling and working in collaboration to rapidly collect data before,
during and immediately following storm events (e.g., Nearshore Extreme Events Reconnaissance, https:/neeras-
sociation.org), but such initiatives are in their early stages, and will benefit from further expansion across disci-
plinary and geographic boundaries. Submarine groundwater discharge is a parallel research topic to SWI, and
as demonstrated in several recent review papers (e.g., Moore, 2010; Robinson et al., 2018; Santos et al., 2021),
this field has attempted to integrate researchers from across disciplines over the last decade. The recent, rapid
growth in the understanding of submarine groundwater discharge demonstrates the value of converging research
expertise in the topic of aquifer-ocean interactions. Investment in extensive, long-term coastal monitoring is
costly and requires public and political support. Thus, improved knowledge translation and education on coastal
groundwater resources and vulnerabilities is needed to inform coastal managers and the public on the impacts and
urgent need to better understand, monitor, and manage vertical SWI.

5.2. Modeling Opportunities

Modeling studies of vertical SWI generally suffer from data paucity, as they often consider archetypal or gener-
alized coastal aquifers and rely on limited topographic and geologic characterization. Few studies have adequate
data to accurately constrain, calibrate, and evaluate model performance. Model simplifications are suitable
for conceptualizing general processes, identifying controlling parameters, and predicting possible impacts of
long-term changes such as climate change. However, they are often not suitable for addressing specific questions
related to, for example, accurate flushing timescales at a particular site or the potability of groundwater following
vertical SWI. Ongoing work is required to answer for what settings and drivers model simplification are and are
not appropriate for when attempting to reliably reproduce vertical SWI processes. There is an opportunity to
advance modeling practice by pairing intensive field studies with numerical modeling investigations to expand
our understanding and to use these models for site-based management purposes. Investigations that take an inter-
dependent approach at integrating findings from numerical models and field monitoring are the most effective at
reconciling system uncertainties, which is critical for understanding processes, performing predictive analysis,
and advancing coastal aquifer management objectives.

Despite the significant advancements that have been made in process-based understanding and modeling of
vertical SWI (Jiao & Post, 2019), little quantitative guidance exists for specifying domain discretization, tidal and
wave overheight boundary conditions, nearshore hydrodynamics, flood distribution, surface flows, and morpho-
logic change. There is an opportunity to enhance modeling codes and applied groundwater modeling guidelines
to better represent these processes. First, by creating numerical modeling tools that accommodate moving bound-
aries and flexible meshes, coastal groundwater models will be better able to represent the interactions of surface
processes (i.e., erosion, flood inundation, and infiltration) and adequately simulate small-scale vertical SWI
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phenomena (e.g., density-driven fingering) while maintaining tractable mesh density at depth where processes
are slower. Tide and wave overheights are often omitted or treated as constants based on analytical solutions
such as that of Nielsen (1990), and thus there is a need to improve the representation of these processes and their
variability across a range of conditions in numerical models.

In a flooding scenario, nearshore hydrodynamics, surface flows, infiltration, and groundwater flow are naturally
successive fluxes that are continuous through time and should be considered as fully coupled processes (Elsayed
& Oumeraci, 2018b; Yang et al., 2013, 2015). However, no models to date accommodate all these fluxes, and
therefore there is a significant opportunity for future models that couple these processes without requiring the
models to be run in series (e.g., coastal hydrodynamic model run with output applied as boundary conditions
to a groundwater model). Pairing models or developing models with the capacity to simulate coupled coastal
hydro- and morphodynamics with variable-density groundwater flow and solute transport would have a profound
impact on this research field as such a coupled approach would have the capacity to simulate how multiple system
features change with time. However, such a code would be computationally demanding and would require consid-
erable data for model parameterization and assessment.

Many modeling investigations to date focus on the sensitivity of aquifers to a single environmental variable or
driver; however, conditions are often linked and interact with complicated feedbacks (Figure 6). There is a need to
further evaluate the sensitivity, relative importance, and interaction of controlling factors. Studies should evaluate
what the combined impacts of waves, tides, sea-level rise, topography, pumping, and climate change are to verti-
cal SWI. For example, increased coastal flooding is anticipated globally under the influence of climate change,
but few local or regional studies have assessed the sensitivity of coastal groundwater systems to a range of climate
scenarios and hydroclimatic variables (sea-level rise, increased surges, changes to recharge), which is a common
approach when assessing the impacts of climate change on inland hydrologic systems. Such predictions could
be used to identify vulnerable coastal regions and thus inform the installation of coastal groundwater monitoring
infrastructure today. Furthermore, a uniform framework for assessing coastal aquifer sensitivity to climate change
has not been proposed, making it difficult to quantitatively compare studies across sites or scenarios.

Studies on vertical SWI should also consider coupling hydrogeological, geochemical, ecological, and sociolog-
ical impacts (Figure 6). Studies in this review focus on aquifer salinization by vertical SWI; however, changing
salinity levels in coastal aquifers have far-reaching impacts on geochemical processes, ecosystem functioning, and
society. Few studies have considered the potential for coastal flooding to contaminate aquifers beyond saliniza-
tion impacts (e.g., mobilization and/or transport of bacteria, pathogens, nutrients, heavy metals) (Rakhimbekova
etal., 2018; Sun et al., 2015). The impact of coastal floods and subsequent SWI is anticipated to have prolonged
impacts and cause large shifts in coastal ecosystems, but only a few groundwater models consider this (e.g.,
Guimond & Michael, 2021). Addressing these research opportunities is critical for future coastal water resource
management and will help bring coastal groundwater resources to the forefront when considering the influence
of climate change on coastal communities.

5.3. Coastal Aquifer Management

Technological advancements in coastal aquifer monitoring and numerical modeling have increased our under-
standing of vertical SWI, but progress in management initiatives lags in part due to ineffective knowledge trans-
lation between scientific disciplines, the public, and policy makers (Figure 6). Improved collaboration between
researchers and practitioners from multiple disciplines and sectors as well as stakeholders is needed to combine
different expertise and perspectives and work cooperatively to better understand and manage the complex, inter-
related dynamics of coastal flooding and vertical SWI (Figure 6). Future work should focus on assessing how
vertical SWI impacts coastal communities and integrating findings in broad coastal vulnerability frameworks
to inform tractable management plans (Dolan & Walker, 2006). Related to this, there is a present opportunity
to include vertical SWI threats in existing risk assessment frameworks to investigate current and future coastal
vulnerability, similar to the work by Werner et al. (2013), Ferguson and Gleeson (2012), Michael et al. (2013),
and Klassen and Allen (2017) on global coastal vulnerability to lateral SWI. Management decisions for vertical
SWI require rapid assessment and site-specific approaches; therefore, it is important that data-informed decision
frameworks are in place and can be effectively applied to impacted coastlines worldwide.
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Often large floods cannot be prevented, but their effects can be mitigated and remediated (Elsayed &
Oumeraci, 2018a). Efforts to monitor and mitigate damage to infrastructure during coastal flooding is wide-
spread and supported globally, while subsurface impacts of coastal flooding is more expensive and challenging
to monitor, mitigate, and remediate. There is a need for indicator-based methodologies for decision makers that
are data informed and can result in practical and feasible mitigation and remediation techniques. Mitigation and
adaptation techniques for vertical SWI are particularly challenging as they require hydrogeologic understand-
ing and consideration of site-specific socioeconomic and environmental factors. Future work must assess these
options and consider questions related to performance-based indicators (e.g., what is the potential to preserve
potable water?), economic feasibility (e.g., what are the costs for coastal communities?), social impacts (e.g.,
what populations or services will this impact?), and environmental impacts (e.g., are there any cascading hydro-
logic or ecologic impacts?).

Subsurface impacts are generally out of sight, out of mind to the public and managers, so disaster response
efforts following a coastal flood typically focus on surface impacts (Holding et al., 2016). Any efforts related
to vertical SWI tend to be reactive rather than proactive. Due to the nature of flooding events and vertical SWI,
emergency planning is inefficient, and engineering and natured-based mitigation and adaptation efforts are
required. Section 4.4.1 identifies the studies to date that have assessed remediation options for vertical SWI,
and findings indicate that pumping pooled water and artificial recharge are promising options for remediation.
However, more research is required to identify over what spatial and temporal scales these methods are effective
and the long-term impacts to hydrologic conditions. Additional work should assess scientific questions related to
the plausibility of other remediation techniques including shallow pumping, combined freshwater injection and
offshore pumping to increase seaward gradients and flushing, and excavation to remove encroaching salt. Tech-
niques to mitigate groundwater salinization due to future flood events have received less attention, but include
coastal hardening or retreat, increasing coastal barrier heights, well relocation, regulations limiting groundwater
extraction, re-enforcing and sealing wells, surface and subsurface barriers, subsurface drainage systems, and
developing alternative freshwater supplies (e.g., surface water, desalinization). There are significant opportuni-
ties for more forward looking and less reactive approaches for coastal adaptation efforts in the context of vertical
SWI, particularly those that recognize the continuum between engineering and nature-based solutions and the
opportunity to tailor solutions to environmental settings (e.g., wave climate, surface topography, geology).

6. Summary

Coastal seawater flooding devastates 1000's of kilometers of shoreline annually, and coastal fresh groundwater
resources are extremely vulnerable to contamination from these flood events. While prior studies of episodic
flood-driven vertical SWI events have yielded valuable understanding of the drivers and impacts, aquifer salini-
zation from extensive seawater flooding events is largely overlooked in the public sphere and even in the broader
coastal zone sciences. Vertical SWI is characterized by drivers (episodic surges, waves) and processes (seawa-
ter fingering and post-event flushing) that are distinct from lateral SWI. Thus, the breadth and complexity of
processes controlling vertical SWI cannot be effectively captured with monitoring and modeling tools/practices
designed for lateral SWI. Also, field monitoring programs along the world's coastlines provide important data
on the driving mechanisms (erosion, flooding) of vertical SWI, yet these monitoring programs generally do not
capture the resultant aquifer salinization. Coastal flooding, vertical SWI, and recovery occur over large areas
along the nexus of the ocean, land, and atmosphere and span timescales ranging from minutes to decades. The
unpredictability of coastal flooding events has further limited our ability to detect and monitor vertical SWT inci-
dents that consequently remain largely “out of sight and out of mind.” There is an urgent need for more long-term
and large-scale coastal groundwater monitoring and mapping programs that are paired with numerical modeling
tools to understand vertical SWI processes and inform appropriate management action.

Water quality and quantity problems from vertical SWI persist and are accelerating in the face of climate change.
There are important gaps in scientific understanding stemming in part from a failure to integrate monitoring and
modeling of marine-terrestrial interconnections across scientific disciplines. Salinization of fresh groundwater
resources used for drinking water for coastal communities is an underappreciated aspect of coastal change, and
coastal hydrogeology should be a core consideration in high-level coastal zone risk assessments. Vertical SWI
risks will be further exacerbated in the future as (a) coastal floods will impact more of the global coastline more
frequently, (b) shifts in air temperatures and hydrologic processes will impact aquifer recharge and flushing, and
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(c) cascading secondary effects from increased fresh groundwater consumption in a drying climate or in increas-
ingly expanding coastal megacities will compound vertical SWI effects. To sustainably manage coastal aquifers
as critical water supply reservoirs, improved process-based understanding is needed to underpin research and
management programs and to inform the development and widescale application of emerging monitoring and
modeling tools and technology. While advancements within the field have improved society's understanding of
coastal fresh groundwater resources, gaps in our scientific understanding remain that provide exciting multidisci-
plinary research opportunities to help advance and link science, practice, and policy around the theme of coastal
freshwater security in a rapidly changing world.
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