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ABSTRACT

Coastal groundwater is a vital resource for coastal communities around the globe, and submarine groundwater discharge (SGD)
delivers nutrients to coastal marine ecosystems. Climatic changes and anthropogenic actions alter coastal hydrology, causing
seawater intrusion (SWI) globally. However, the selection of SWI and SGD study sites may be highly biased, limiting our process
knowledge. Here, we analyse hydroenvironmental characteristics of coastal basins studied in 1298 publications on SGD and SWI
to understand these potential biases. We find that studies are biased towards basins with gross domestic product per capita below
(SWI) and above (SGD) the median of all global coastal basins. Urban coastal basins are strongly overrepresented compared to
rural coastal basins, limiting our progress in understanding undisturbed natural processes. Despite the connection between
anthropogenic activity and coastal groundwater issues, and the consequential overrepresentation of urban basins in coastal
groundwater studies, perceptual (or conceptual) models of coastal groundwater rarely include anthropogenic influences aside
from pumping (e.g., subsidence, land use change). Taking a holistic view on coastal groundwater flows, we have developed an
editable perceptual model illustrating the current understanding, including both natural and anthropogenic drivers. As SGD and
SWI in new areas of the globe are studied, we advocate for researchers to utilise and further edit this perceptual model to openly
communicate our process understanding and study assumptions.

1 | Introduction lives within 100km of the coast (CIESIN 2012), coastal water

resources are crucial to reach sustainable development goals 2
Groundwater is essential to meet freshwater demand of coastal (Zero hunger) and 6 (Clean water and sanitation). As groundwa-
communities (Johnson et al. 2022) and strongly impacts coastal ter flow is driven by hydraulic gradients (Darcy 1856), changes
ecosystems (Johannes 1980; Starke, Ekau, and Moosdorf 2020; in hydraulic gradients at the land-sea boundary cause changes
Liu, Du, and Yu 2021). Given that 36% of the global population in submarine groundwater discharge (SGD) and recharge
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(SGR)—the exchange of water between aquifers and the ocean
(Kohout 1964; Taniguchi et al. 2002; Michael, Mulligan, and
Harvey 2005). The interacting terrestrial and oceanic drivers
create complex coastal settings, making it difficult to predict
seawater intrusion (SWI) (Werner et al. 2013) (Table 1).

Around the world, high freshwater demand and climate change
have changed hydraulic gradients, decreasing fresh SGD and in-
creasing SWI. Already, 32% of the global coastal metropolitan
cities have been threatened by SWI (Cao, Han, and Song 2021).
This situation is exacerbated by the fast-growing population in
the low elevation coastal zone (i.e., below 10 m of elevation), pre-
dicted to grow from 0.6 to 1.3 billion people between 2000 and
2060 (Neumann et al. 2015). Anthropogenic activity reduces
groundwater flow to the coast through urbanisation, and asso-
ciated surface sealing causing decreased groundwater recharge
(GWR) (Crossland et al. 2005; Loc et al. 2021). The biggest an-
thropogenic impact on coastal groundwater flow and the main
cause of horizontal SW1 is groundwater pumping (Ferguson and
Gleeson 2012; Post et al. 2018).

Locations of SGD and SWI study sites have been mapped in lit-
erature reviews (Santos et al. 2021; Cao, Han, and Song 2021),
but characteristics of the studied coastal basins (e.g., population
density, aridity index) and thus possible biases remain unstud-
ied. Expecting to find biases in study site selection, we analyse
hydroenvironmental characteristics of coastal basins subject to
SGD and/or SWI studies based on an extensive review of study
site locations. The analysis reveals that coastal groundwater re-
search accumulates in urban coastal catchments with a certain
level of gross domestic product.

Despite the many studies in basins with high anthropogenic
activity and despite the knowledge of various anthropogenic
influences on coastal groundwater flows, perceptual models
(also called conceptual models) of coastal groundwater flows
rarely show anthropogenic drivers but groundwater pumping.
While there are exceptions (e.g., Taylor et al. 2013; Richardson
et al. 2024), even perceptual models in review articles generally
focus on some of the many natural drivers (i.e., tidal pumping,
GWR) (e.g., Taniguchi et al. 2002, 2019; Robinson et al. 2018).
Here, we present a literature-based perceptual model of coastal
groundwater, including various anthropogenic influences on
coastal groundwater flows. This perceptual model represents
our current system understanding and is also biased by the
studied coastal basins and could look different if we had more
knowledge about rural areas or geographical locations that have
rarely been studied (e.g., the West Coast of South America or
the Arctic). We use the perceptual model to describe drivers and
limiters of the different coastal groundwater flows at the wide
range of temporal and spatial scales studied in the literature.

2 | Materials and Methods

To analyse coastal groundwater study site locations, we searched
Web of Science for terms related to coastal groundwater, SWI
and SGD (Text S1), and retrieved 5896 publication records on 12
August 2022. To increase the likelihood of screening relevant
records, we used an artificial intelligence software that proposes
the next record based on decisions regarding the relevance of

TABLE 1 | Abbreviations and respective terms used in this

manuscript.
Abbreviation Term
GWR Groundwater recharge
SGD Submarine groundwater discharge
SGR Submarine groundwater recharge
SWI Seawater intrusion

previous records: AS Review (https://asreview.nl/ and Text S2).
Criteria for inclusion in the study site analysis were (1) the main
topic is related to coastal groundwater flows, (2) the study is not
areview or theoretical (i.e., not representing actual sites) numer-
ical model, (3) the language is English and (4) it was published
online before 2022. During screening, AS Review initially iden-
tified that SGD studies are relevant, and hence, roughly the first
700 studies marked relevant were from that field. After that, the
hit rate worsened until it picked up that SWI studies are relevant
for us, too, and it started showing them with high frequency. We
screened 1502 of the 5986 records. Of those, 1332 were deemed
relevant and only 170 were excluded (Figure S1). According to
AS Review, the use of AS Review increased the share of relevant
records from about 25% to almost 90% (Figure S2).

The 1332 records classified as relevant in the screening were
joined with 26 publications identified through citations in high-
impact reviews and manual Google Scholar searches. These
1358 records were then checked thoroughly for eligibility, and 60
publications were removed since they did not meet the criteria
for inclusion. Hence, the final number of publications included
in the study site analysis is 1298 (see PRISMA (Page et al. 2021)
flow chart, Figure S1). The vast majority of these publications
are peer-reviewed articles. We extracted the coastal groundwa-
ter flow type, main topic, shore type and study site/s (Table S1)
from the publications. The results of the study site analysis adopt
a publication bias due to its setup focussing on published journal
articles (Dickersin and Min 1993) in English. Another limitation
is that the records were retrieved via online search. Thus, no
study from before the 1990s is included in the analysis of study
sites. However, the distribution of SGD study sites from the
1960s to 1990s (Taniguchi et al. 2002) is very similar to our find-
ings, while the number of publications per year has multiplied
since the early 2000s (Figure S4).

We compare the basin characteristics of coastal subbasins (i.e.,
subbasins draining into the ocean) with study sites to all coastal
subbasins in the BasinATLAS dataset (Linke et al. 2019; https://
www.hydrosheds.org/hydroatlas; average area of coastal ba-
sins: 136km?). To account for the high variability at the coast,
the most detailed delineation of coastal subbasins available in
BasinATLAS, Pfafstetter level 12 (Verdin and Verdin 1999), was
used. Besides the basin shapes, BasinATLAS provides many hy-
droenvironmental variables, including terrain slope (Robinson,
Regetz, and Guralnick 2014), aridity index (Zomer et al. 2008),
population density (CIESIN 2016) and gross domestic prod-
uct (GDP) per capita in administrative areas (Kummu, Taka,
and Guillaume 2018). Two variables from other data sources
were added to the analysed dataset: hydraulic conductivity by
Huscroft et al. (2018) and fresh SGD estimates by Luijendijk,
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Gleeson, and Moosdorf (2020). Topographic slope and hydrau-
lic conductivity are used as proxies for groundwater flow. The

P s . Mean Annual Precipitation
al‘ldlty 1ndex, defined as Mean Annual Potential Evapotranspiration (Zomer

et al. 2008), is used as a surrogate for (ground)water recharge.
High population density has been associated with SWI since it
is related to increased groundwater extraction (Cao, Han, and
Song 2021). GDP per capita is used to assess economic pro-
ductivity in basins where researchers study coastal ground-
water flows. Fresh SGD estimates by Luijendijk, Gleeson, and
Moosdorf (2020) are used to compare locations of SGD and SWI
studies. Terrain slope, aridity index, population density, GDP
per capita, hydraulic conductivity and fresh SGD show low-to-
moderate correlation between each other both for the entire set
of coastal basins and for the subset of basins with a study site
(Text S3, Tables S2 and S3). After filtering coastal basins with
very high hydraulic conductivities (above 1m/s) and negative
SGD values, 43213 coastal basins remained.

3 | Studied Coastal Aquifers Are Characterised by
High Anthropogenic Action

We identified 841 different study sites in the 1298 records
(Figure 1). Most of the analysed SGD studies estimated/mea-
sured the amount of SGD or its chemical content, not distin-
guishing between fresh and saline SGD. Hence, we do not
distinguish between SGD components here either, SGR is often
studied implicitly in both SGD and SWI studies. We find that

many investigations were performed in proximity to coastal
megacities (>10 million inhabitants), especially in China
and India, while large parts of the global coastline, especially
South America and Sub-Saharan Africa, are understudied.
Together with groundwater pumping and sea-level rise, reduc-
ing GWR (severe in red areas of Figure 1) could change the
focus of coastal studies from SGD to SWI, for example, at the
US East Coast.

SGD and SWI study sites are often far apart (Figure 1), and just
5% of all analysed studies looked at SGD and SWI simultane-
ously. Studies of both SGD and SWI are scattered around the
world and most of them focus either on sea-level rise or fluctuat-
ing drivers like tides and seasonality of precipitation. While the
vast majority of SWI studies are in North Africa and East India,
SGD studies dominate the eastern coasts of the United States
and Australia. 75% of coastal groundwater studies that identified
a coastal ecosystem at the study site (i.e., lagoons, mangroves,
salt marshes, estuaries and coral reefs) were SGD studies (46%
of analysed SGD studies). Regions with large ecosystems (green
areas in Figure 1, see also Figure S5) are frequently studied,
especially when they are close to highly populated areas (i.e.,
Great Barrier Reef, Florida Mangroves, Pichavaram Mangrove
Forest).

Table 2 and the cumulative density functions of selected at-
tributes (Figure S6) show that study sites of SGD and SWT are
often characterised by anthropogenic activity. Approximately
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FIGURE1 | Study locations of SGD, SWI and both. Zoom-ins at the top show frequently studied regions in North America, Mediterranean and
Asia. In red areas, GWR per year is projected to be reduced by over 10mm at global warming of 2°C (Reinecke et al. 2020). Green areas show large

marine ecosystems (see also Figure S5). Black squares mark megacities (> 10 million inhabitants). Numbers add up to more than the number of study

sites (sum here: 893, study site number: 841) since at some locations both SGD and SWI were studied. Markers placed far inland (in North America

and India) are subcontinental studies.
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TABLE2 | Shares of basins with SGD/SWI/SGD and SWI sites where population density, GDP per capita, hydraulic conductivity and aridity index
are above/below their respective thresholds. Thresholds are shown in Figure S6. *Median GDP of coastal basins.

Population Hydraulic Estimated
density GDP per capita conductivity Aridity index SGD
Below Above Water- Energy-
Rural Urban median* median* Low High limited limited Low High
Basins with 60% 40% 33% 67% 35% 65% 40% 60% 58% 42%
SGD site
Basins with 42% 58% 80% 20% 19% 81% 76% 14% 76% 24%
SWT site
Basins with 47% 53% 45% 55% 23% 77% 53% 47% 68% 32%
SGD & SWI
site
All basins 87% 13% 50% 50% 35% 65% 44% 56% 68% 32%

70%/80% of SGD/SWI studies were located in coastal basins
(i.e., draining into the ocean) with a population density of over
100 people/km?, which occurs only in 20% of the 43213 coastal
basins (Figure S6). While more than half (58%) of the SW1I stud-
ies are performed in urban (population density>300 people/
km?) coastal basins (Eurostat 2021), only 13% of all coastal ba-
sins are urban. This is sensible since high population densities
have been linked to the occurrence of SWI (Post, Eichholz, and
Brentfiihrer 2018; Cao, Han, and Song 2021).

GDP per capita strongly separates the lines of SGD and SWI
study site locations (Figure S6): GDP is below the median of all
coastal basins in just a third of SGD studies, and in 80% of the
coastal SWI studies (Table 2). Groundwater salinity issues re-
lated to SWI, which can be decisive for agricultural and domestic
water use, seem prioritised over SGD-related topics (e.g., coastal
ecosystems) in regions with lower GDP. Another reason may be
that shallower wells, vulnerable to SWI, have been installed in
regions with lower GDP, but while international compilations
of well data contain many data points in the United States and
Australia, just few are in less developed regions (e.g., Jasechko,
Perrone, and Seybold 2020; Thorslund and van Vliet 2020;
Jasechko, Seybold, and Perrone 2024).

Compared to the cumulative density function of all coastal ba-
sins, basins with SWI and/or SGD studies have rather low terrain
slopes, frequently below 2°. Among the SWI studies, 81% were
done in basins with a relatively permeable aquifer (hydraulic
conductivity >10~>m/s) (Bear 1972). SGD often is a surficial pro-
cess and the assessed hydraulic conductivity data (GLHYMPS
2.0) rather reflects deeper layers. This may explain why basins
associated with SGD studies show lower hydraulic conductivity
values than basins associated with SWI studies. As expected,
water-limited basins (aridity index below 1) make up a large
part (76%) of SWI study sites (Zomer et al. 2008). Meanwhile,
energy-limited basins make up 60% of SGD studies sites. SGD es-
timations from Luijendijk, Gleeson, and Moosdorf (2020) match
reasonably with the occurrence of SWI and SGD studies: just
24% of SWI studies were conducted in coastal basins where they
estimated high fresh SGD (above 10m?/year), and 42% of SGD
studies (Table 2).

4 | A Perceptual Model of Drivers and Limiters of
Coastal Groundwater Dynamics

Many perceptual (or conceptual) models have been published
in the literature. Although the influence of anthropogenic
action and climate change on coastal groundwater is diverse,
perceptual models rarely include drivers besides groundwater
pumping and sea-level rise. Theoretical numerical models,
reviews, and publications after August 2022 were excluded
from the literature for the analysis of study sites. No litera-
ture was excluded in the development of our perceptual model
(Figure 2), which takes a rather holistic view on coastal
groundwater flows. Besides natural processes and geologic
conditions driving or limiting coastal groundwater flows, it
shows that many drivers of coastal groundwater flows are
affected by anthropogenic action and climate change. The
perceptual model is editable and intended to be adjusted
and reused by the community (https://zenodo.org/records/
13762771).

Since scales of impact are rarely reported, the scales at which
drivers act remain uncertain (Text S5). Figure S8 shows the
spatiotemporal scales at which drivers impact SWI and SGD ac-
cording to the assessed literature, ranging from hours to millen-
nia and from centimetres to tens of kilometres. This wide range
of spatial and temporal scales was included in our perceptual
model, targeting to create a holistic reflection of coastal ground-
water flows and their drivers. Thus, bioirrigation and sea-level
rise, impacting coastal groundwater at very different scales, are
both in the perceptual model.

Causal relations exist between many drivers of coastal ground-
water changes. Consequently, processes increasing the amount
of groundwater flowing towards the coast (e.g., GWR) can in-
crease fresh SGD and reduce vulnerability to SWI (Michael,
Russoniello, and Byron 2013). On the other hand, geological
settings allowing for high SGD rates (e.g., high hydraulic con-
ductivity) allow for high SGR, too. In the following, we use
our perceptual model to discuss coastal groundwater pro-
cesses, flows and their major drivers of change (see overview
in Table 3).
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FIGURE 2 | A perceptual model of groundwater flows in coastal basins, including factors that drive and limit change (Kretschmer and
Reinecke 2024). Many of those factors are impacted by anthropogenic action and/or climate change and may be causally related. SGD—submarine
groundwater discharge, SGR—submarine groundwater recharge, SWI—seawater intrusion.

TABLE 3 | Coastal groundwater processes, respective flows and their major drivers of change.

Coastal groundwater

dynamics Coastal groundwater flows

Major drivers of change

Fresh SGD (4.1.1)
Saline SGD and SGR (4.1.2)

Coastal aquifer
interaction with the
ocean (4.1)

Seawater recirculation Density-driven seawater
4.2) recirculation (4.2.1)

Intertidal seawater

recirculation (4.2.2)
SWI (4.3) Horizontal SWI (4.3.1)

Vertical SWI (4.3.2)

GWR, groundwater pumping

Tides, waves, seasonality of GWR, winds,
storms, salinity distributions

Salinity and temperature differences
between meteoric and saline water

Change in tidal amplitude between spring
and neap tide, wave height

Groundwater pumping, sea-level rise, seasonality of GWR

Storm surge overwash, tidal inundation, river salinisation

4.1 | Coastal Aquifer Interaction With the Ocean
4.1.1 | Fresh SGD

Driven by hydraulic gradients, meteoric groundwater (i.e., de-
rived from precipitation) can enter the ocean as fresh SGD (top
zoom-in in Figure 2). While topography influences the steep-
ness of the hydraulic gradients, the amount of groundwater that
can flow through an aquifer at a given gradient depends on its

transmissivity (i.e., the product of hydraulic conductivity and
saturated aquifer thickness) (Darcy 1856). Assuming uniform
hydraulic gradient, hydraulic conductivity controls groundwa-
ter flow and determines how fresh SGD is distributed along the
coast (Russoniello et al. 2013; Qu et al. 2014). Where heteroge-
neity in hydraulic conductivity enables preferential flowpaths,
focussed areas of high fresh SGD rates may develop (Kreyns,
Geng, and Michael 2020; Geng and Michael 2021). Particularly
high rates of fresh SGD are associated with flow through
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conduits, for example, in volcanic rocks and permeable karst
(Befus et al. 2014; Yu et al. 2021; Samani et al. 2021). At shorter
temporal and smaller spatial scales, the morphology of a beach
is a major control of fresh SGD distribution through the beach
face (Zhang et al. 2017).

GWR (right zoom-in in Figure 2) can raise groundwater lev-
els and increase fresh SGD rates (McKenzie, Dulai, and
Fuleky 2021) at moderate-to-high hydraulic conductivities.
However, low hydraulic conductivity limits GWR and ground-
water flow irrespective of the groundwater head (Darcy 1856;
Luijendijk, Gleeson, and Moosdorf 2020). Groundwater tables,
and in turn fresh SGD, follow seasonally changing rates of GWR
(Michael, Mulligan, and Harvey 2005; Fang et al. 2022) and pre-
cipitation (Gwak et al. 2014; Beebe et al. 2022) with a temporal
lag. Individual precipitation events can induce higher fresh SGD
with a lag of several days to weeks (Santos et al. 2009; McKenzie,
Dulai, and Fuleky 2021; Yu et al. 2021). Investigations of mon-
soon seasons and El Nifio Southern Oscillation events have
shown the importance of precipitation events in rates of fresh
SGD (Anderson and Emanuel 2010; Das et al. 2022). When
the natural aquifer is disturbed by fresh groundwater pump-
ing (Figure 2), this reduces the amount of fresh groundwater
flowing towards the ocean and fresh SGD (Peng et al. 2008).
Locally, GWR through rivers can also enhance fresh SGD (Yu
et al. 2021).

While SGD is high and salty during ebbing tide, it was found
to be less and fresher at low tide (Urish and McKenna 2004).
Results from a coastal lagoon suggest that fresh SGD is par-
ticularly large at spring tide and decreases towards neap
tides (Rocha, Ibanhez, and Leote 2009). Similarly, Glaser
et al. (2021) found increased fresh SGD in a tidal creek at
spring tides. However, these findings depend on the site: for
example, fresh SGD at a beach was found to be higher at neap
tides than at spring tides (de Sieyes et al. 2008) which is sup-
ported by simulations of different tidal amplitudes at another
beach site showing higher fresh SGD at smaller tidal ampli-
tudes (Li et al. 2009). This behaviour was found in aquifers
with permeabilities below 0.1 cm/s, where saltwater may ac-
cumulate within the aquifer and low rates of fresh SGD occur
at high tidal amplitudes (de Sieyes et al. 2008; Li et al. 2009;
Abarca et al. 2013).

4.1.2 | Saline SGD and Recharge

Saline SGD and SGR (i.e., saline groundwater outflow to and in-
flow from the ocean) are oscillating counterparts (top zoom-in
in Figure 2), driven by tidal pumping, sea-level changes, wave
runup and changing density gradients (Taniguchi et al. 2002;
Burnett et al. 2003; Robinson et al. 2018). However, persistent
landward hydraulic gradients and density differences may cause
SGR to exceed saline SGD beyond usual oscillations, causing
horizontal SWI (Werner et al. 2013). Similar to fresh SGD, het-
erogeneity in hydraulic conductivity affects saline SGD and SGR
(Russoniello et al. 2013; Kreyns, Geng, and Michael 2020; Geng
and Michael 2021). The exchange of saline groundwater with the
ocean at the scales of centimetres (i.e., porewater exchange) can
be significantly increased by bioirrigation (i.e., deliberate bur-
row flushing by benthic organisms) (Meysman et al. 2006) and

by the increased hydraulic conductivity from burrows dug by
animals (Smith et al. 2016; Stieglitz, Clark, and Hancock 2013).

SGR and saline SGD incorporate the in/outflows from inter-
tidal seawater recirculation and density-driven seawater recir-
culation, exceeding fresh SGD amounts by far (Li et al. 1999;
Taniguchi, Ishitobi, and Saeki 2005). Saline SGD and SGR are
particularly large at higher tidal ranges, and thus, can experi-
ence a reduction of flow volumes from spring tide towards neap
tide (de Sieyes et al. 2008; Abarca et al. 2013; Wilson et al. 2015).
Furthermore, due to the low slope allowing larger area per
coastline to interact with ocean water, saline SGD per coast-
line length is larger from a coastal wetland than from a beach
(Evans, White, and Wilson 2020).

Saline SGD and SGR are not independent of GWR to the aqui-
fer. A coastal aquifer can be salinised by SGR during a season
of low GWR and freshened in the following wet season when
increased GWR upstream causes high saline SGD during the
flushing of saltwater (Michael, Mulligan, and Harvey 2005).
Similarly, seasonally in/decreased sea levels cause larger
SGR/saline SGD rates (Michael, Mulligan, and Harvey 2005;
Gonneea, Mulligan, and Charette 2013). The effect of sea-
level changes can be much larger at coastal wetlands than at
beaches (Wilson et al. 2015), because wetlands exist at low
slopes.

SGR/saline SGD may increase/decrease during a storm event
due to wind and waves pushing saline water into the aquifer, fol-
lowed by a decrease/increase in the weeks after the storm, when
the saline water is transported back into the ocean (Wilson et al.
2011; Xin et al. 2014). Similarly, where winds blow offshore, re-
gionally depressed sea levels can cause significant SGD, likely
from confined aquifers (George et al. 2020; Moore et al. 2022),
potentially contributing to groundwater discharge at the size of
river discharge (George et al. 2020).

4.2 | Seawater Recirculation
4.2.1 | Density-Driven Seawater Recirculation

Density-driven seawater recirculation begins where SGR enters
the subterranean estuary in the lower subtidal zone (top zoom-in
in Figure 2). Newly recharged saline groundwater flows down-
ward towards the fresh-saline water mixing zone, and then
upward along the freshwater-saltwater interface, eventually
flowing back into the ocean as saline SGD (Taniguchi, Ishitobi,
and Saeki 2005; Robinson et al. 2018). The circulation is limited
by aquifer properties and the density gradient. Large values of
horizontal (Qu et al. 2014) and vertical hydraulic conductivity
(Smith 2004) have been shown to enable density-driven circula-
tion, and large anisotropies (i.e., hzjrztf:;fliy}gf;%i’Z:Z;'Z:;Z‘;ty) reduce
the circulation (Wilson 2005; Qu et al. 2014). Heterogeneity in
hydraulic conductivity, creating preferential flowpaths and com-
plex salinity distributions can greatly increase density-driven
recirculation rates if multiple density-driven circulation cells
develop (Michael et al. 2016; Kreyns, Geng, and Michael 2020).
Assuming constant temperature in the aquifer, Smith (2004)
showed the highest density-driven recirculation rates for in-
termediate dispersion values: (1) if there is no salt transport by
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dispersion, a sharp interface between fresh and saline water re-
mains in the aquifer and (2) if dispersion is too large, freshwa-
ter and saline water mix rapidly, leaving no density gradients
to circulate along. Higher freshwater temperatures, increasing
the density gradient between fresh and saline groundwater, may
increase density-driven seawater recirculation (Pu et al. 2020).
Fresh SGD rates can enhance density-driven seawater recircu-
lation when they create a stable dispersion zone with sufficient
density gradients (Smith 2004).

4.2.2 | Intertidal Seawater Recirculation

In beach-like shores, seawater may circulate in the intertidal
zone at the top, driven by wave setup and changing hydraulic
gradients due to tidal oscillation (top zoom-in in Figure 2). SGR
occurring at the top of the intertidal zone is pushed down along
hydraulic gradients and is discharged back into the ocean as sa-
line SGD (Taniguchi et al. 2002). At spring tide (i.e., when tidal
amplitude is the highest), the intertidal seawater recirculation is
exceptionally high (Taniguchi et al. 2002; Nguyen et al. 2020).

A consequence of intertidal seawater recirculation is the upper
saline plume—a zone of saline water above the freshwater zone
at the coastline (Robinson et al. 2007). Upper saline plume for-
mation can be enabled by high hydraulic conductivity and beach
slopes (Evans and Wilson 2016). The top zoom-in in Figure 2
shows the plume disconnected from the underlying saline
zone, occurring at moderate-to-high fresh groundwater flows
towards the ocean (Evans and Wilson 2016; Fang et al. 2021).
Increasing tidal amplitudes can cause plume expansion
(Robinson et al. 2007; Nguyen et al. 2020), mixing the plume
with underlying fresh groundwater flowing to the ocean and
potentially connecting it with the saltwater wedge below (Evans
and Wilson 2016; Fang et al. 2021).

4.3 | SWI Processes
4.3.1 | Horizontal SWI

The perceptual model in Figure 2 shows a coastal groundwa-
ter system where the flows are in an approximate balance.
Horizontal SWI (top zoom-in in Figure 2) occurs when the
amount of SGR is larger than saline SGD, moving saline water
inland, shifting the position of the saline wedge landward.
Horizontal SWT is often caused by head gradient changes (i.e.,
lowering or shifting landward), allowing saline water to in-
trude the aquifer (Werner et al. 2013). Aquifer resilience against
horizontal SWI can be increased by large GWR rates creating
hydraulic heads that push against the saline wedge (Michael,
Russoniello, and Byron 2013; Rajendiran et al. 2019; Costall
et al. 2020; Jung et al. 2020). Consequently, land drainage, re-
ducing the aquifer water table, can increase vulnerability to
horizontal SWI (Barlow and Reichard 2010). Besides the head
gradient change, horizontal SWI is driven by the density dif-
ferences between freshwater and saline water (Pacheco-Castro
et al. 2021).

Urbanisation, related surface sealing and other human activi-
ties significantly alter hydraulic gradients in coastal aquifers,

often causing SWI (Deng et al. 2017; Uddameri, Singaraju, and
Hernandez 2014). Infiltration of shallow coastal groundwater
into ageing sewer systems can cause sewer overflows, discharg-
ing untreated sewage (Su et al. 2020). Where large volumes
are withdrawn from the coastal aquifer, withdrawal is a major
driver of SWI (Barlow and Reichard 2010; Shi and Jiao 2014;
Lyra et al. 2021; Jeen et al. 2021), potentially causing horizontal
SWI at scales of kilometres within a few years (Langevin and
Zygnerski 2013; Chang et al. 2016; Dibaj et al. 2020). Strategies
to mitigate horizontal SWI often use artificial or managed GWR,
to change the hydraulic gradient (Garcia-Menéndez et al. 2018;
Jarraya Horriche and Benabdallah 2020). Alternatively, physical
barriers within the aquifer (i.e., cutoff walls or subsurface dams)
can be used to effectively reduce the horizontal extent of SWI,
but they are highly expensive (Hussain et al. 2019).

Sea-level rise may locally cause horizontal SWI to reach kilo-
metres inland (Sherif and Singh 1999; Giambastiani et al. 2007;
Guha and Panday 2012). The impact of sea-level rise on horizon-
tal SWI depends strongly on the aquifer's capability to level out
the newly developing hydraulic heads at the coast (Rasmussen
et al. 2013): aquifers, whose water table is limited by flux into
the system or GWR and not limited by topography, can develop
higher groundwater levels balancing the new sea levels, and
are thus more resilient to horizontal SWI from sea-level rise
(Michael, Russoniello, and Byron 2013). However, such aqui-
fers are also prone to experience SWI due to reducing GWR
(Richardson et al. 2024).

Horizontal hydraulic conductivity is a key factor for the SWI
rate (Qu et al. 2014; Deng et al. 2017; Costall et al. 2020). Low hy-
draulic conductivities limit the rate of SWI but also the recovery
from it (Shi and Jiao 2014). While aquifers extending deep below
the ocean show higher vulnerability to SWI, higher seaward
slopes at the aquifer bed increase resilience against horizontal
SWI (Mazi, Koussis, and Destouni 2013; Ketabchi et al. 2016).

4.3.2 | Vertical SWI

Vertical SWI occurs when seawater recharges an aquifer from
above, on the landward side of the intertidal recirculation zone
(top zoom-in in Figure 2). River flow reduction by dams and
groundwater pumping (Loc et al. 2021; Shi and Jiao 2014) can
enable seawater to move further into coastal rivers and deltaic
estuaries (Mikhailova 2013; Peters et al. 2022). Where the coastal
aquifer is recharged from the coastal river, vertical SWI from
surface water salinises aquifers significantly faster and further
landward than horizontal SWI (Hingst et al. 2022; Smith and
Turner 2001). Groundwater pumping can even cause vertical
SWI from below: in proximity to groundwater wells, saline water
may be pulled upwards into the well, called upconing (Werner
et al. 2013; Alfarrah and Walraevens 2018). Furthermore, sea-
water may flood coastal plains after subsidence (Ketabchi
et al. 2016; Eslami et al. 2021), often caused by anthropogenic
groundwater abstraction (Giambastiani et al. 2007). Another
key driver is seawater inundation caused by storm surges (Terry
and Falkland 2010; Xiao and Tang 2019), which is exacerbated
by land-surface connectivity (Yu et al. 2016) and sea-level rise
(Hoque et al. 2016; Gingerich, Voss, and Johnson 2017; Cantelon
et al. 2022).

7 o0f 12

35UB0 17 SUOWILLIOD BAIR1D) (et |dde auy Aq pausenoh afe Sao1ie YO ‘9SN JO S3|NJ oy AreiqiT auluQ AS|IM UO (SUOIIPUOD-PUR-SLLIRYWOD AS | IM A RIq 1 U |UO//SANY) SUORIPUOD PUe SWIS | 8Yl33S *[5202/0T/ET] Uo ARlgiTauluo AB|1IM ‘uqws (wz) Bunyasiojuadol | sutey end wniuez-ziuge T Ag 85002 dAU/Z00T 0T/I0p/A0o" A 1M A Riq 1 pUIUO//SANY WOJ) popeojumod ‘T ‘G202 ‘S80T660T



5 | Conclusions

The expected growth of coastal communities, GWR changes
with climate change and sea-level rise pose serious threats to
coastal fresh groundwater resources worldwide. Analysing
the study sites of over 1200 publications, we show that coastal
groundwater study sites are biased towards coastal basins with
high population density. We further find that while 80% of SWI
studies are conducted in basins with GDP per capita below the
median of coastal basins, 67% of SGD studies are conducted in
basins with GDP per capita above the median of coastal basins.
This shows that the availability of fresh groundwater is elemen-
tal for coastal regions but threatened in many regions with low
GDP per capita. Many of the assessed publications show the
strong impact of anthropogenic action on coastal groundwater
(e.g., groundwater pumping) causing SWI and altering SGD
flows. Since perceptual models in the literature rarely include
anthropogenic drivers, we present a literature-informed percep-
tual model taking a rather holistic view on coastal groundwa-
ter flows. We use our perceptual model of coastal groundwater
flows to discuss drivers and limiters of coastal groundwater
flows, highlighting impacts by anthropogenic action. The per-
ceptual model is editable and can be modified to any study focus.
It is intended to continuously improve over time with increasing
knowledge about the shown processes and impacts. We call for
researchers to use holistic perceptual models of environmental
processes to guide their decisions (e.g., in study design, site se-
lection and simulation model development) and to communicate
their research.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The table of publications with extracted information is available as a sup-
plemental CSV file (TableOfPublications.csv), the perceptual model (in
Figure 2) is published at https://zenodo.org/records/13762771 (as PDF
and SVG). The BasinATLAS dataset (contains hydro-environmental
data for sub-basins, including slope, aridity index, GDP per capita, and
population density used in this analysis) is available at https://www.
hydrosheds.org/hydroatlas. Fresh submarine groundwater discharge
data by Luijendijk et al. (2020) is available at https://store.pangaea.de/
Publications/Luijendijk-etal _2019/S3_global_geospatial_data.zip, hy-
draulic conductivity data of the GLHYMPS 2.0 product is available at
https://borealisdata.ca/dataset.xhtml?persistentId=doi%3A10.5683/
SP2/TTINIU.

Novelty and International Appeal Statement

Analysing over 1000 publications, we found that coastal groundwater
studies are highly biased towards highly populated areas. Based on this
extensive literature review, we developed a comprehensive graphical
perceptual model of coastal groundwater dynamics. We invite the com-
munity to use this model to question current process understanding.

References

Abarca, E., H. Karam, H. F. Hemond, and C. F. Harvey. 2013. “Transient
Groundwater Dynamics in a Coastal Aquifer: The Effects of Tides, the
Lunar Cycle, and the Beach Profile.” Water Resources Research 49, no. 5:
2473-2488. https://doi.org/10.1002/wrcr.20075.

Alfarrah, N., and K. Walraevens. 2018. “Groundwater Overexploitation
and Seawater Intrusion in Coastal Areas of Arid and Semi-Arid
Regions.” Water 10, no. 2: 143. https://doi.org/10.3390/w10020143.

Anderson, W. P., and R. E. Emanuel. 2010. “Effect of Interannual
Climate Oscillations on Rates of Submarine Groundwater Discharge.”
Water Resources Research 46, no. 5: W05503. https://doi.org/10.1029/
2009WR008212.

Barlow, P. M., and E. G. Reichard. 2010. “Saltwater Intrusion in Coastal
Regions of North America.” Hydrogeology Journal 18: 247-260. https://
doi.org/10.1007/s10040-009-0514-3.

Bear, J. 1972. Dynamics of Fluids in Porous Media. New York: Dover
(Dover Books on Physics and Chemistry).

Beebe, D. A., M. B. Huettemann, B. M. Webb, and W. T. Jackson. 2022.
“Atmospheric Groundwater Forcing of a Subterranean Estuary: A
Seasonal Seawater Recirculation Process.” Geophysical Research Letters
49, no. 7: €2021GL096154. https://doi.org/10.1029/2021GL096154.

Befus, K. M., M. B. Cardenas, D. R. Tait, and E. V. Erler. 2014.
“Geoelectrical Signals of Geologic and Hydrologic Processes in a
Fringing Reef Lagoon Setting.” Journal of Hydrology 517: 508-520.
https://doi.org/10.1016/j.jhydrol.2014.05.070.

Burnett, W. C., H. Bokuniewicz, M. Huettel, W. S. Moore, and M.
Taniguchi. 2003. “Groundwater and Pore Water Inputs to the Coastal
Zone.” Biogeochemistry 66, no. 1/2: 3-33. https://doi.org/10.1023/B:
BIOG.0000006066.21240.53.

Cantelon, J. A.,J. A. Guimond, C. E. Robinson, H. A. Michael, and B. L.
Kurylyk. 2022. “Vertical Saltwater Intrusion in Coastal Aquifers Driven
by Episodic Flooding: A Review.” Water Resources Research 58, no. 11:
€2022WR032614. https://doi.org/10.1029/2022WR032614.

Cao, T., D. Han, and X. Song. 2021. “Past, Present, and Future of Global
Seawater Intrusion Research: A Bibliometric Analysis.” Journal of
Hydrology 603: 126844. https://doi.org/10.1016/j.jhydrol.2021.126844.

Chang, S. W., K. Nemec, L. Kalin, and T. P. Clement. 2016. “Impacts
of Climate Change and Urbanization on Groundwater Resources in
a Barrier Island.” Journal of Environmental Engineering 142, no. 12:
D4016001. https://doi.org/10.1061/(ASCE)EE.1943-7870.0001123.

CIESIN. 2012. National Aggregates of Geospatial Data Collection:
Population, Landscape, and Climate Estimates, Version 3 (PLACE III).
Palisades, NY: NASA Socioeconomic Data and Applications Center
(SEDAC). https://doi.org/10.7927/H4F769GP.

CIESIN. 2016. Gridded Population of the World, Version 4 (GPWv4):
Population Count. Palisades, NY: NASA Socioeconomic Data and
Applications Center (SEDAC). https://doi.org/10.7927/H4X63JVC.

Costall, A. R., B. D. Harris, B. Teo, R. Schaa, F. M. Wagner, and J. P.
Pigois. 2020. “Groundwater Throughflow and Seawater Intrusion
in High Quality Coastal Aquifers.” Scientific Reports 10, no. 1: 9866.
https://doi.org/10.1038/s41598-020-66516-6.

Crossland, C.J., H. H. Kremer, H. J. Lindeboom, J. I. Marshall Crossland,
and M. D. A. Le Tissier. 2005. Coastal Fluxes in the Anthropocene.
Berlin, Heidelberg: Springer Berlin Heidelberg.

Darcy, H. 1856. Les Fontaines Publiques de la Ville de Dijon. Paris, Italy:
Victor Dalmon.

Das, K., P. Debnath, M. K. Layek, et al. 2022. “Shallow and Deep
Submarine Groundwater Discharge to a Tropical Sea: Implications
to Coastal Hydrodynamics and Aquifer Vulnerability.” Journal of
Hydrology 605: 127335. https://doi.org/10.1016/j.jhydrol.2021.127335.

de Sieyes, N. R., K. M. Yamahara, B. A. Layton, E. H. Joyce, and A.
B. Boehm. 2008. “Submarine Discharge of Nutrient-Enriched Fresh
Groundwater at Stinson Beach, California Is Enhanced During Neap
Tides.” Limnology and Oceanography 53, no. 4: 1434. https://doi.org/10.
4319/10.2008.53.4.1434.

8 of 12

Hydrological Processes, 2025

35UB0 17 SUOWILLIOD BAIR1D) (et |dde auy Aq pausenoh afe Sao1ie YO ‘9SN JO S3|NJ oy AreiqiT auluQ AS|IM UO (SUOIIPUOD-PUR-SLLIRYWOD AS | IM A RIq 1 U |UO//SANY) SUORIPUOD PUe SWIS | 8Yl33S *[5202/0T/ET] Uo ARlgiTauluo AB|1IM ‘uqws (wz) Bunyasiojuadol | sutey end wniuez-ziuge T Ag 85002 dAU/Z00T 0T/I0p/A0o" A 1M A Riq 1 pUIUO//SANY WOJ) popeojumod ‘T ‘G202 ‘S80T660T


https://zenodo.org/records/13762771
https://www.hydrosheds.org/hydroatlas
https://www.hydrosheds.org/hydroatlas
https://store.pangaea.de/Publications/Luijendijk-etal_2019/S3_global_geospatial_data.zip
https://store.pangaea.de/Publications/Luijendijk-etal_2019/S3_global_geospatial_data.zip
https://borealisdata.ca/dataset.xhtml?persistentId=doi%3A10.5683/SP2/TTJNIU
https://borealisdata.ca/dataset.xhtml?persistentId=doi%3A10.5683/SP2/TTJNIU
https://doi.org/10.1002/wrcr.20075
https://doi.org/10.3390/w10020143
https://doi.org/10.1029/2009WR008212
https://doi.org/10.1029/2009WR008212
https://doi.org/10.1007/s10040-009-0514-3
https://doi.org/10.1007/s10040-009-0514-3
https://doi.org/10.1029/2021GL096154
https://doi.org/10.1016/j.jhydrol.2014.05.070
https://doi.org/10.1023/B:BIOG.0000006066.21240.53
https://doi.org/10.1023/B:BIOG.0000006066.21240.53
https://doi.org/10.1029/2022WR032614
https://doi.org/10.1016/j.jhydrol.2021.126844
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001123
https://doi.org/10.7927/H4F769GP
https://doi.org/10.7927/H4X63JVC
https://doi.org/10.1038/s41598-020-66516-6
https://doi.org/10.1016/j.jhydrol.2021.127335
https://doi.org/10.4319/lo.2008.53.4.1434
https://doi.org/10.4319/lo.2008.53.4.1434

Deng, Y., C. Young, X. Fu, J. Song, and Z.-R. Peng. 2017. “The Integrated
Impacts of Human Activities and Rising Sea Level on the Saltwater
Intrusion in the East Coast of the Yucatan Peninsula, Mexico.”
Natural Hazards 85, no. 2: 1063-1088. https://doi.org/10.1007/s1106
9-016-2621-5.

Dibaj, M., A. A. Javadi, M. Akrami, et al. 2020. “Modelling Seawater
Intrusion in the Pingtung Coastal Aquifer in Taiwan, Under the
Influence of Sea-Level Rise and Changing Abstraction Regime.”
Hydrogeology Journal 28, no. 6: 2085-2103. https://doi.org/10.1007/
$10040-020-02172-4.

Dickersin, K., and Y. I. Min. 1993. “Publication Bias: The Problem That
Won't Go Away.” Annals of the New York Academy of Sciences 703: 135-
146. https://doi.org/10.1111/j.1749-6632.1993.tb26343.x.

Eslami, S., P. Hoekstra, P. S. J. Minderhoud, et al. 2021. “Projections
of Salt Intrusion in a Mega-Delta Under Climatic and Anthropogenic
Stressors.” Communications Earth & Environment 2: 142. https://doi.
org/10.1038/s43247-021-00208-5.

Eurostat. 2021. Applying the Degree of Urbanisation. A Methodological
Manual to Define Cities, Towns and Rural Areas for International
Comparisons, edited by L. Dijkstra, T. Brandmiiller, T. Kemper, A. A.
Khar, and P. Veneri. Luxembourg: European Union/FAO/UN-Habitat/
OECD/The World Bank.

Evans, T. B.,S. M. White, and A. M. Wilson. 2020. “Coastal Groundwater
Flow at the Nearshore and Embayment Scales: A Field and Modeling
Study.” Water Resources Research 56, no. 10: e2019WR026445. https://
doi.org/10.1029/2019WR026445.

Evans, T. B., and A. M. Wilson. 2016. “Groundwater Transport and
the Freshwater-Saltwater Interface Below Sandy Beaches.” Journal of
Hydrology 538: 563-573. https://doi.org/10.1016/j.jhydrol.2016.04.014.

Fang,Y., T. Zheng, H. Wang, X. Zheng, and M. Walther. 2022. “Influence
of Dynamically Stable-Unstable Flow on Seawater Intrusion and
Submarine Groundwater Discharge Over Tidal and Seasonal Cycles.”
Journal of Geophysical Research: Oceans 127, no. 4: €2021JC018209.
https://doi.org/10.1029/2021JC018209.

Fang, Y., T. Zheng, X. Zheng, H. Yang, H. Wang, and M. Walther. 2021.
“Influence of Tide-Induced Unstable Flow on Seawater Intrusion and
Submarine Groundwater Discharge.” Water Resources Research 57, no.
4:e2020WR029038. https://doi.org/10.1029/2020WR029038.

Ferguson, G., and T. Gleeson. 2012. “Vulnerability of Coastal Aquifers
to Groundwater Use and Climate Change.” Nature Climate Change 2,
no. 5: 342-345. https://doi.org/10.1038/nclimate1413.

Garcia-Menéndez, O., B. J. Ballesteros, A. Renau-Prufionosa, et al. 2018.
“Using Electrical Resistivity Tomography to Assess the Effectiveness
of Managed Aquifer Recharge in a Salinized Coastal Aquifer.”
Environmental Monitoring and Assessment 190, no. 2: 100. https://doi.
0rg/10.1007/s10661-017-6446-9.

Geng, X., and H. A. Michael. 2021. “Along-Shore Movement of
Groundwater and Its Effects on Seawater-Groundwater Interactions
in Heterogeneous Coastal Aquifers.” Water Resources Research 57:
€2021WRO031056. https://doi.org/10.1029/2021WR031056.

George, C., W. S. Moore, S. M. White, et al. 2020. “A New Mechanism for
Submarine Groundwater Discharge From Continental Shelves.” Water
Resources Research 56, no. 11: e2019WR026866. https://doi.org/10.1029/
2019WR026866.

Giambastiani, B. M. S., M. Antonellini, G. H. P. Oude Essink, and R.
J. Stuurman. 2007. “Saltwater Intrusion in the Unconfined Coastal
Aquifer of Ravenna (Italy): A Numerical Model.” Journal of Hydrology
340, no. 1-2: 91-104. https://doi.org/10.1016/j.jhydrol.2007.04.001.

Gingerich, S. B., C. I. Voss, and A. G. Johnson. 2017. “Seawater-
Flooding Events and Impact on Freshwater Lenses of Low-Lying
Islands: Controlling Factors, Basic Management and Mitigation.”
Journal of Hydrology 551: 676-688. https://doi.org/10.1016/j.jhydrol.
2017.03.001.

Glaser, C., S. Frei, G. Massmann, and B. S. Gilfedder. 2021. “Tidal Creeks
as Hot-Spots for Hydrological Exchange in a Coastal Landscape.” Journal
of Hydrology 597: 126158. https://doi.org/10.1016/j.jhydrol.2021.126158.

Gonneea, M. E., A. E. Mulligan, and M. A. Charette. 2013. “Climate—
Driven Sea Level Anomalies Modulate Coastal Groundwater Dynamics
and Discharge.” Geophysical Research Letters 40, no. 11: 2701-2706.
https://doi.org/10.1002/grl.50192.

Guha, H.,and S. Panday. 2012. “Impact of Sea Level Rise on Groundwater
Salinity in a Coastal Community of South Florida.” Journal of the
American Water Resources Association 48, no. 3: 510-529. https://doi.
org/10.1111/j.1752-1688.2011.00630.x.

Gwak, Y.-S., S.-H. Kim, Y.-W. Lee, B.-K. Khim, S.-Y. Hamm, and S.-W.
Kim. 2014. “Estimation of Submarine Groundwater Discharge in the
II-Gwang Watershed Using Water Budget Analysis and 222 Rn Mass
Balance.” Hydrological Processes 28, no. 11: 3761-3775. https://doi.org/
10.1002/hyp.9927.

Hingst, M. C., R. W. McQuiggan, C. N. Peters, C. He, A. S. Andres,
and H. A. Michael. 2022. “Surface Water-Groundwater Connections as
Pathways for Inland Salinization of Coastal Aquifers.” Groundwater 61:
626-638. https://doi.org/10.1111/gwat.13274.

Hoque, M. A., P. F. D. Scheelbeek, P. Vineis, A. E. Khan, K. M. Ahmed,
and A. P. Butler. 2016. “Drinking Water Vulnerability to Climate
Change and Alternatives for Adaptation in Coastal South and South
East Asia.” Climatic Change 136: 247-263. https://doi.org/10.1007/s1058
4-016-1617-1.

Huscroft, J., T. Gleeson, J. Hartmann, and J. Borker. 2018. “Compiling
and Mapping Global Permeability of the Unconsolidated and
Consolidated Earth: GLobal HYdrogeology MaPS 2.0 (GLHYMPS 2.0).”
Geophysical Research Letters 45, no. 4: 1897-1904. https://doi.org/10.
1002/2017GL075860.

Hussain, M. S., H. F. Abd-Elhamid, A. A. Javadi, and M. M. Sherif. 2019.
“Management of Seawater Intrusion in Coastal Aquifers: A Review.”
Water 11, no. 12: 2467. https://doi.org/10.3390/w11122467.

Jarraya Horriche, F., and S. Benabdallah. 2020. “Assessing Aquifer
Water Level and Salinity for a Managed Artificial Recharge Site
Using Reclaimed Water.” Water 12, no. 2: 341. https://doi.org/10.3390/
w12020341.

Jasechko, S., D. Perrone, and H. Seybold. 2020. “Groundwater Level
Observations in 250,000 Coastal US Wells Reveal Scope of Potential
Seawater Intrusion.” Nature Communications 11, no. 1: 3229. https://
doi.org/10.1038/541467-020-17038-2.

Jasechko, S., H. Seybold, and D. Perrone. 2024. “Rapid Groundwater
Decline and Some Cases of Recovery in Aquifers Globally.” Nature 625,
no. 7996: 715-721. https://doi.org/10.1038/s41586-023-06879-8.

Jeen, S.-W., J. Kang, H. Jung, and J. Lee. 2021. “Review of Seawater
Intrusion in Western Coastal Regions of South Korea.” Water 13, no. 6:
761. https://doi.org/10.3390/w13060761.

Johannes, R. E. 1980. “The Ecological Significance of the Submarine
Discharge of Groundwater.” Marine Ecology Progress Series 3: 365-373.

Johnson, T. D., K. Belitz, L. J. Kauffman, E. Watson, and J. T.
Wilson. 2022. “Populations Using Public-Supply Groundwater in the
Conterminous U.S. 2010; Identifying the Wells, Hydrogeologic Regions,
and Hydrogeologic Mapping Units.” Science of the Total Environment
806: 150618. https://doi.org/10.1016/j.scitotenv.2021.150618.

Jung, E., N. Park, and J. Park. 2020. “Composite Modeling for Evaluation
of Groundwater and Soil Salinization on the Multiple Reclaimed Land
Due to Sea-Level Rise.” Transport in Porous Media 136, no. 1: 271-293.
https://doi.org/10.1007/s11242-020-01511-z.

Ketabchi, H., D. Mahmoodzadeh, B. Ataie-Ashtiani, and C. T. Simmons.
2016. “Sea-Level Rise Impacts on Seawater Intrusion in Coastal
Aquifers: Review and Integration.” Journal of Hydrology 535: 235-255.
https://doi.org/10.1016/j.jhydrol.2016.01.083.

9o0f12

35UB0 17 SUOWILLIOD BAIR1D) (et |dde auy Aq pausenoh afe Sao1ie YO ‘9SN JO S3|NJ oy AreiqiT auluQ AS|IM UO (SUOIIPUOD-PUR-SLLIRYWOD AS | IM A RIq 1 U |UO//SANY) SUORIPUOD PUe SWIS | 8Yl33S *[5202/0T/ET] Uo ARlgiTauluo AB|1IM ‘uqws (wz) Bunyasiojuadol | sutey end wniuez-ziuge T Ag 85002 dAU/Z00T 0T/I0p/A0o" A 1M A Riq 1 pUIUO//SANY WOJ) popeojumod ‘T ‘G202 ‘S80T660T


https://doi.org/10.1007/s11069-016-2621-5
https://doi.org/10.1007/s11069-016-2621-5
https://doi.org/10.1007/s10040-020-02172-4
https://doi.org/10.1007/s10040-020-02172-4
https://doi.org/10.1111/j.1749-6632.1993.tb26343.x
https://doi.org/10.1038/s43247-021-00208-5
https://doi.org/10.1038/s43247-021-00208-5
https://doi.org/10.1029/2019WR026445
https://doi.org/10.1029/2019WR026445
https://doi.org/10.1016/j.jhydrol.2016.04.014
https://doi.org/10.1029/2021JC018209
https://doi.org/10.1029/2020WR029038
https://doi.org/10.1038/nclimate1413
https://doi.org/10.1007/s10661-017-6446-9
https://doi.org/10.1007/s10661-017-6446-9
https://doi.org/10.1029/2021WR031056
https://doi.org/10.1029/2019WR026866
https://doi.org/10.1029/2019WR026866
https://doi.org/10.1016/j.jhydrol.2007.04.001
https://doi.org/10.1016/j.jhydrol.2017.03.001
https://doi.org/10.1016/j.jhydrol.2017.03.001
https://doi.org/10.1016/j.jhydrol.2021.126158
https://doi.org/10.1002/grl.50192
https://doi.org/10.1111/j.1752-1688.2011.00630.x
https://doi.org/10.1111/j.1752-1688.2011.00630.x
https://doi.org/10.1002/hyp.9927
https://doi.org/10.1002/hyp.9927
https://doi.org/10.1111/gwat.13274
https://doi.org/10.1007/s10584-016-1617-1
https://doi.org/10.1007/s10584-016-1617-1
https://doi.org/10.1002/2017GL075860
https://doi.org/10.1002/2017GL075860
https://doi.org/10.3390/w11122467
https://doi.org/10.3390/w12020341
https://doi.org/10.3390/w12020341
https://doi.org/10.1038/s41467-020-17038-2
https://doi.org/10.1038/s41467-020-17038-2
https://doi.org/10.1038/s41586-023-06879-8
https://doi.org/10.3390/w13060761
https://doi.org/10.1016/j.scitotenv.2021.150618
https://doi.org/10.1007/s11242-020-01511-z
https://doi.org/10.1016/j.jhydrol.2016.01.083

Kohout, F. A. 1964. “The Flow of Fresh Water and Salt Water in the
Biscayne Aquifer of the Miami Area, Florida.” In Sea Water in Coastal
Aquifers, edited by J. Cooper, H. H, F. A. Kohout, et al., C12-C32.
Washington, DC: U.S.G.S. Water Supply Paper.

Kretschmer, D., and R. Reinecke. 2024. Perceptual Model of Coastal
Groundwater Fluxes and Their Drivers. Geneva, Switzerland: Zenodo.
https://doi.org/10.5281/zenodo0.13762771.

Kreyns, P., X. Geng, and H. A. Michael. 2020. “The Influence
of Connected Heterogeneity on Groundwater Flow and Salinity
Distributions in Coastal Volcanic Aquifers.” Journal of Hydrology 586:
124863. https://doi.org/10.1016/j.jhydrol.2020.124863.

Kummu, M., M. Taka, and J. H. A. Guillaume. 2018. “Gridded Global
Datasets for Gross Domestic Product and Human Development Index
Over 1990-2015.” Scientific Data 5: 180004. https://doi.org/10.1038/
sdata.2018.4.

Langevin, C. D., and M. Zygnerski. 2013. “Effect of Sea-Level Rise
on Salt Water Intrusion Near a Coastal Well Field in South-Eastern
Florida.” Ground Water 51, no. 5: 781-803. https://doi.org/10.1111/j.
1745-6584.2012.01008.x.

Li, L., D. A. Barry, F. Stagnitti, and J.-Y. Parlange. 1999. “Submarine
Groundwater Discharge and Associated Chemical Input to a Coastal
Sea.” Water Resources Research 35, no. 11: 3253-3259. https://doi.org/10.
1029/1999WR900189.

Li, X., B. X. Hu, W. C. Burnett, I. R. Santos, and J. P. Chanton. 2009.
“Submarine Ground Water Discharge Driven by Tidal Pumping in a
Heterogeneous Aquifer.” Ground Water 47, no. 4: 558-568. https://doi.
0rg/10.1111/j.1745-6584.2009.00563.X.

Linke, S., B. Lehner, C. Ouellet Dallaire, et al. 2019. “Global Hydro-
Environmental Sub-Basin and River Reach Characteristics at High
Spatial Resolution.” Scientific Data 6: 283. https://doi.org/10.1038/s4159
7-019-0300-6.

Liu, J., J. Du, and X. Yu. 2021. “Submarine Groundwater Discharge
Enhances Primary Productivity in the Yellow Sea, China: Insight
From the Separation of Fresh and Recirculated Components.”
Geoscience Frontiers 12, no. 6: 101204. https://doi.org/10.1016/j.gsf.
2021.101204.

Loc, H. H., M. Low Lixian, E. Park, T. D. Dung, S. Shrestha, and Y.-
J. Yoon. 2021. “How the Saline Water Intrusion Has Reshaped the
Agricultural Landscape of the Vietnamese Mekong Delta, a Review.”
Science of the Total Environment 794: 148651. https://doi.org/10.1016/j.
scitotenv.2021.148651.

Luijendijk, E., T. Gleeson, and N. Moosdorf. 2020. “Fresh Groundwater
Discharge Insignificant for the World's Oceans but Important for
Coastal Ecosystems.” Nature Communications 11: 1260. https://doi.org/
10.1038/541467-020-15064-8.

Lyra, A., A. Loukas, P. Sidiropoulos, G. Tziatzios, and N. Mylopoulos.
2021. “An Integrated Modeling System for the Evaluation of Water
Resources in Coastal Agricultural Watersheds: Application in Almyros
Basin, Thessaly, Greece.” Water 13, no. 3: 268. https://doi.org/10.3390/
w13030268.

Mazi, K., A. D. Koussis, and G. Destouni. 2013. “Tipping Points for
Seawater Intrusion in Coastal Aquifers Under Rising Sea Level.”
Environmental Research Letters 8, no. 1: 014001. https://doi.org/10.1088/
1748-9326/8/1/014001.

McKenzie, T., H. Dulai, and P. Fuleky. 2021. “Traditional and Novel
Time-Series Approaches Reveal Submarine Groundwater Discharge
Dynamics Under Baseline and Extreme Event Conditions.” Scientific
Reports 11, no. 1: 22570. https://doi.org/10.1038/s41598-021-01920-0.

Meysman, F. J. R., O. S. Galaktionov, B. Gribsholt, and J. J. Middelburg.
2006. “Bioirrigation in Permeable Sediments: Advective Pore-
Water Transport Induced by Burrow Ventilation.” Limnology and
Oceanography 51, no. 1: 142-156. https://doi.org/10.4319/10.2006.
51.1.0142.

Michael, H. A., A. E. Mulligan, and C. F. Harvey. 2005. “Seasonal
Oscillations in Water Exchange Between Aquifers and the Coastal
Ocean.” Nature 436: 1145-1148. https://doi.org/10.1038/nature03935.

Michael, H. A., C. J. Russoniello, and L. A. Byron. 2013. “Global
Assessment of Vulnerability to Sea-Level Rise in Topography-Limited
and Recharge-Limited Coastal Groundwater Systems.” Water Resources
Research 49, no. 4: 2228-2240. https://doi.org/10.1002/wrcr.20213.

Michael, H. A., K. C. Scott, M. Koneshloo, X. Yu, M. R. Khan, and K.
Li. 2016. “Geologic Influence on Groundwater Salinity Drives Large
Seawater Circulation Through the Continental Shelf.” Geophysical
Research Letters 43, no. 20: 10782-10791. https://doi.org/10.1002/2016G
L070863.

Mikhailova, M. V. 2013. “Processes of Seawater Intrusion Into River
Mouths.” Water Resources 40, no. 5: 483-498. https://doi.org/10.1134/
S0097807813050059.

Moore, S. M., J. Vincent, J. L. Pickney, and A. M. Wilson. 2022.
“Predicted Episode of Submarine Groundwater Discharge Onto the
South Carolina, USA, Continental Shelf and Its Effect on Dissolved
Oxygen.” Geophysical Research Letters 49, no. 24: €2022GL100438.
https://doi.org/10.1029/2022GL100438.

Neumann, B., A. T. Vafeidis, J. Zimmermann, and R. J. Nicholls. 2015.
“Future Coastal Population Growth and Exposure to Sea-Level Rise and
Coastal Flooding—A Global Assessment.” PLoS One 10, no. 3: e0118571.
https://doi.org/10.1371/journal.pone.0118571.

Nguyen, T. T. M., X. Yu, L. Pu, et al. 2020. “Effects of Temperature on
Tidally Influenced Coastal Unconfined Aquifers.” Water Resources
Research 56, no. 4: e2019WR026660. https://doi.org/10.1029/2019W
R026660.

Pacheco-Castro, R., P. Salles, C. Canul-Macario, and A. Paladio-
Hernandez. 2021. “On the Understanding of the Hydrodynamics and
the Causes of Saltwater Intrusion on Lagoon Tidal Springs.” Water 13,
no. 23: 3431. https://doi.org/10.3390/w13233431.

Page, M. I, J. E. McKenzie, P. M. Bossuyt, et al. 2021. “The PRISMA
2020 Statement: An Updated Guideline for Reporting Systematic
Reviews.” BMJ 372: n71. https://doi.org/10.1136/bmj.n71.

Peng, T.-R., C.-T. A. Chen, C.-H. Wang, J. Zhang, and Y.-J. Lin.
2008. “Assessment of Terrestrial Factors Controlling the Submarine
Groundwater Discharge in Water Shortage and Highly Deformed Island
of Taiwan, Western Pacific Ocean.” Journal of Oceanography 64, no. 2:
323-337. https://doi.org/10.1007/s10872-008-0026-0.

Peters, C. N,, C. Kimsal, R. S. Frederiks, A. Paldor, R. McQuiggan, and
H. A. Michael. 2022. “Groundwater Pumping Causes Salinization of
Coastal Streams due to Baseflow Depletion: Analytical Framework and
Application to Savannah River, GA.” Journal of Hydrology 604: 127238.
https://doi.org/10.1016/j.jhydrol.2021.127238.

Post, V. E. A., M. Eichholz, and R. Brentfiihrer. 2018. Groundwater
Management in Coastal Zones. Hannover, Germany: Bundesanstalt
fiir Geowissenschaften und Rohstoffe (BGR). https://www.bgr.bund.
de/EN/Themen/Wasser/Produkte/Downloads/groundwater_manag
ement_in_coastal_zones.html.

Post, V. E. A., G. H. P. Oude Essink, A. Szymkiewicz, et al. 2018.
“Celebrating 50Years of SWIMs (Salt Water Intrusion Meetings).”
Hydrogeology Journal 26, no. 6: 1767-1770. https://doi.org/10.1007/
$10040-018-1800-8.

Pu, L., P. Xin, T. T. M. Nguyen, X. Yu, L. Li, and D. A. Barry. 2020.
“Thermal Effects on Flow and Salinity Distributions in Coastal Confined
Aquifers.” Water Resources Research 56, no. 10: e2020WR027582.
https://doi.org/10.1029/2020WR027582.

Qu, W., H. Li, L. Wan, X. Wang, and X. Jiang. 2014. “Numerical
Simulations of Steady-State Salinity Distribution and Submarine
Groundwater Discharges in Homogeneous Anisotropic Coastal
Aquifers.” Advances in Water Resources 74: 318-328. https://doi.org/10.
1016/j.advwatres.2014.10.009.

10 of 12

Hydrological Processes, 2025

35UB0 17 SUOWILLIOD BAIR1D) (et |dde auy Aq pausenoh afe Sao1ie YO ‘9SN JO S3|NJ oy AreiqiT auluQ AS|IM UO (SUOIIPUOD-PUR-SLLIRYWOD AS | IM A RIq 1 U |UO//SANY) SUORIPUOD PUe SWIS | 8Yl33S *[5202/0T/ET] Uo ARlgiTauluo AB|1IM ‘uqws (wz) Bunyasiojuadol | sutey end wniuez-ziuge T Ag 85002 dAU/Z00T 0T/I0p/A0o" A 1M A Riq 1 pUIUO//SANY WOJ) popeojumod ‘T ‘G202 ‘S80T660T


https://doi.org/10.5281/zenodo.13762771
https://doi.org/10.1016/j.jhydrol.2020.124863
https://doi.org/10.1038/sdata.2018.4
https://doi.org/10.1038/sdata.2018.4
https://doi.org/10.1111/j.1745-6584.2012.01008.x
https://doi.org/10.1111/j.1745-6584.2012.01008.x
https://doi.org/10.1029/1999WR900189
https://doi.org/10.1029/1999WR900189
https://doi.org/10.1111/j.1745-6584.2009.00563.x
https://doi.org/10.1111/j.1745-6584.2009.00563.x
https://doi.org/10.1038/s41597-019-0300-6
https://doi.org/10.1038/s41597-019-0300-6
https://doi.org/10.1016/j.gsf.2021.101204
https://doi.org/10.1016/j.gsf.2021.101204
https://doi.org/10.1016/j.scitotenv.2021.148651
https://doi.org/10.1016/j.scitotenv.2021.148651
https://doi.org/10.1038/s41467-020-15064-8
https://doi.org/10.1038/s41467-020-15064-8
https://doi.org/10.3390/w13030268
https://doi.org/10.3390/w13030268
https://doi.org/10.1088/1748-9326/8/1/014001
https://doi.org/10.1088/1748-9326/8/1/014001
https://doi.org/10.1038/s41598-021-01920-0
https://doi.org/10.4319/lo.2006.51.1.0142
https://doi.org/10.4319/lo.2006.51.1.0142
https://doi.org/10.1038/nature03935
https://doi.org/10.1002/wrcr.20213
https://doi.org/10.1002/2016GL070863
https://doi.org/10.1002/2016GL070863
https://doi.org/10.1134/S0097807813050059
https://doi.org/10.1134/S0097807813050059
https://doi.org/10.1029/2022GL100438
https://doi.org/10.1371/journal.pone.0118571
https://doi.org/10.1029/2019WR026660
https://doi.org/10.1029/2019WR026660
https://doi.org/10.3390/w13233431
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1007/s10872-008-0026-0
https://doi.org/10.1016/j.jhydrol.2021.127238
https://www.bgr.bund.de/EN/Themen/Wasser/Produkte/Downloads/groundwater_management_in_coastal_zones.html
https://www.bgr.bund.de/EN/Themen/Wasser/Produkte/Downloads/groundwater_management_in_coastal_zones.html
https://www.bgr.bund.de/EN/Themen/Wasser/Produkte/Downloads/groundwater_management_in_coastal_zones.html
https://doi.org/10.1007/s10040-018-1800-8
https://doi.org/10.1007/s10040-018-1800-8
https://doi.org/10.1029/2020WR027582
https://doi.org/10.1016/j.advwatres.2014.10.009
https://doi.org/10.1016/j.advwatres.2014.10.009

Rajendiran, T., C. Sabarathinam, T. Chandrasekar, et al. 2019. “Influence
of Variations in Rainfall Pattern on the Hydrogeochemistry of Coastal
Groundwater-An Outcome of Periodic Observation.” Environmental
Science and Pollution Research International 26, no. 28: 29173-29190.
https://doi.org/10.1007/s11356-019-05962-w.

Rasmussen, P., T. O. Sonnenborg, G. Goncear, and K. Hinsby. 2013.
“Assessing Impacts of Climate Change, Sea Level Rise, and Drainage
Canals on Saltwater Intrusion to Coastal Aquifer.” Hydrology and
Earth System Sciences 17, no. 1: 421-443. https://doi.org/10.5194/
hess-17-421-2013.

Reinecke, R., H. Miiller Schmied, T. Trautmann, et al. 2020. “Uncertainty
of Simulated Groundwater Recharge at Different Global Warming Levels:
A Global-Scale Multi-Model Ensemble Study.” Hydrology and Earth
System Sciences 25: 787-810. https://doi.org/10.5194/hess-2020-235.

Richardson, C. M., K. L. Davis, C. Ruiz-Gonzalez, et al. 2024. “The
Impacts of Climate Change on Coastal Groundwater.” Nature Reviews
Earth and Environment 5: 100-119. https://doi.org/10.1038/s43017-023-
00500-2.

Robinson, C. E., B. Gibbes, H. Carey, and L. Li. 2007. “Salt-Freshwater
Dynamics in a Subterranean Estuary Over a Spring-Neap Tidal Cycle.”
Journal of Geophysical Research 112, no. C9: C09007. https://doi.org/10.
1029/2006JC003888.

Robinson, C. E., P.Xin, I. R. Santos, M. A. Charette, L. Li,and D. A. Barry.
2018. “Groundwater Dynamics in Subterranean Estuaries of Coastal
Unconfined Aquifers: Controls on Submarine Groundwater Discharge
and Chemical Inputs to the Ocean.” Advances in Water Resources 115:
315-331. https://doi.org/10.1016/J. ADVWATRES.2017.10.041.

Robinson, N., J. Regetz, and R. P. Guralnick. 2014. “EarthEnv-DEM90:
A Nearly-Global, Void-Free, Multi-Scale Smoothed, 90m Digital
Elevation Model From Fused ASTER and SRTM Data.” ISPRS Journal
of Photogrammetry and Remote Sensing 87: 57-67. https://doi.org/10.
1016/j.isprsjprs.2013.11.002.

Rocha, C., J. Ibanhez, and C. Leote. 2009. “Benthic Nitrate
Biogeochemistry Affected by Tidal Modulation of Submarine
Groundwater Discharge (SGD) Through a Sandy Beach Face, ria
Formosa, Southwestern Iberia.” Marine Chemistry 115, no. 1-2: 43-58.
https://doi.org/10.1016/j.marchem.2009.06.003.

Russoniello, C. J., C. Fernandez, J. F. Bratton, et al. 2013. “Geologic
Effects on Groundwater Salinity and Discharge Into an Estuary.”
Journal of Hydrology 498: 1-12. https://doi.org/10.1016/j.jhydrol.2013.
05.049.

Samani, A. N., M. Farzin, O. Rahmati, et al. 2021. “Scrutinizing
Relationships Between Submarine Groundwater Discharge and
Upstream Areas Using Thermal Remote Sensing: A Case Study in the
Northern Persian Gulf.” Remote Sensing 13, no. 3: 358. https://doi.org/
10.3390/rs13030358.

Santos, I. R., W. C. Burnett, J. Chanton, N. Dimova, and R. N. Peterson.
2009. “Land or Ocean?: Assessing the Driving Forces of Submarine
Groundwater Discharge at a Coastal Site in the Gulf of Mexico.” Journal
of Geophysical Research 114, no. C4: C04012. https://doi.org/10.1029/
2008JC005038.

Santos, I.R., X. Chen, A. L. Lecher, et al. 2021. “Submarine Groundwater
Discharge Impacts on Coastal Nutrient Biogeochemistry.” Nature
Reviews Earth and Environment 2, no. 5: 307-323. https://doi.org/10.
1038/s43017-021-00152-0.

Sherif, M. M., and V. P. Singh. 1999. “Effect of Climate Change on Sea
Water Intrusion in Coastal Aquifers.” Hydrological Processes 13, no. 8:
1277-1287.  https://doi.org/10.1002/(SICI)1099-1085(19990615)13:8<
1277::AID-HYP765>3.0.CO;2-W.

Shi, L., and J. J. Jiao. 2014. “Seawater Intrusion and Coastal Aquifer
Management in China: A Review.” Environmental Earth Sciences 72,
no. 8: 2811-2819. https://doi.org/10.1007/s12665-014-3186-9.

Smith, A.J. 2004. “Mixed Convection and Density-Dependent Seawater
Circulation in Coastal Aquifers.” Water Resources Research 40, no. 8:
'W08309. https://doi.org/10.1029/2003WR002977.

Smith, A.J., and J. V. Turner. 2001. “Density-Dependent Surface Water-
Groundwater Interaction and Nutrient Discharge in the Swan-Canning
Estuary.” Hydrological Processes 15, no. 13: 2595-2616. https://doi.org/
10.1002/hyp.303.

Smith, C. G., R. M. Price, P. W. Swarzenski, and J. C. Stalker. 2016.
“The Role of Ocean Tides on Groundwater-Surface Water Exchange in
a Mangrove-Dominated Estuary: Shark River Slough, Florida Coastal
Everglades, USA.” Estuaries and Coasts 39, no. 6: 1600-1616. https://doi.
0rg/10.1007/s12237-016-0079-z.

Starke, C., W. Ekau, and N. Moosdorf. 2020. “Enhanced Productivity
and Fish Abundance at a Submarine Spring in a Coastal Lagoon on
Tahiti, French Polynesia.” Frontiers in Marine Science 6: 809. https://
doi.org/10.3389/fmars.2019.00809.

Stieglitz, T. C.,J. F. Clark, and G. J. Hancock. 2013. “The Mangrove Pump:
The Tidal Flushing of Animal Burrows in a Tropical Mangrove Forest
Determined From Radionuclide Budgets.” Geochimica et Cosmochimica
Acta 102: 12-22. https://doi.org/10.1016/j.gca.2012.10.033.

Su, X., T. Liu, M. Beheshti, and V. Prigiobbe. 2020. “Relationship
Between Infiltration, Sewer Rehabilitation, and Groundwater Flooding
in Coastal Urban Areas.” Environmental Science and Pollution Research
27: 14288-14298. https://doi.org/10.1007/s11356-019-06513-z.

Taniguchi, M., W. C. Burnett, J. E. Cable, and J. V. Turner. 2002.
“Investigation of Submarine Groundwater Discharge.” Hydrological
Processes 16, no. 11: 2115-2129. https://doi.org/10.1002/hyp.1145.

Taniguchi, M., H. Dulai, K. M. Burnett, et al. 2019. “Submarine
Groundwater Discharge: Updates on Its Measurement Techniques,
Geophysical Drivers, Magnitudes, and Effects.” Frontiers in
Environmental Science 7: 141. https://doi.org/10.3389/fenvs.2019.00141.

Taniguchi, M., T. Ishitobi, and K.-I. Saeki. 2005. “Evaluation of Time-
Space Distributions of Submarine Ground Water Discharge.” Ground
Water 43, no. 3: 336-342. https://doi.org/10.1111/j.1745-6584.2005.
0027.x.

Taylor, R. G., B. Scanlon, P. D6l et al. 2013. “Ground Water and Climate
Change.” Nature Climate Change 3: 322-329. https://doi.org/10.1038/
nclimate1744.

Terry, J. P., and A. C. Falkland. 2010. “Responses of Atoll Freshwater
Lenses to Storm-Surge Overwash in the Northern Cook Islands.”
Hydrogeology Journal 18, no. 3: 749-759. https://doi.org/10.1007/s1004
0-009-0544-x.

Thorslund, J., and M. T. H. van Vliet. 2020. “A Global Dataset of
Surface Water and Groundwater Salinity Measurements From 1980-
2019.” Scientific Data 7, no. 1: 231. https://doi.org/10.1038/s4159
7-020-0562-z.

Uddameri, V., S. Singaraju, and E. A. Hernandez. 2014. “Impacts of
Sea-Level Rise and Urbanization on Groundwater Availability and
Sustainability of Coastal Communities in Semi-Arid South Texas.”
Environmental Earth Sciences 71, no. 6: 2503-2515. https://doi.org/10.
1007/512665-013-2904-z.

Urish, D. W., and T. E. McKenna. 2004. “Tidal Effects on Ground Water
Discharge Through a Sandy Marine Beach.” Ground Water 42, no. 7:
971-982. https://doi.org/10.1111/j.1745-6584.2004.tb02636.x.

Verdin, K. L., and J. P. Verdin. 1999. “A Topological System for
Delineation and Codification of the Earth's River Basins.” Journal of
Hydrology 218, no. 1-2: 1-12. https://doi.org/10.1016/S0022-1694(99)
00011-6.

Werner, A. D., M. Bakker, V. E. A. Post, et al. 2013. “Seawater Intrusion
Processes, Investigation and Management: Recent Advances and
Future Challenges.” Advances in Water Resources 51: 3-26. https://doi.
org/10.1016/j.advwatres.2012.03.004.

11 of 12

35UB0 17 SUOWILLIOD BAIR1D) (et |dde auy Aq pausenoh afe Sao1ie YO ‘9SN JO S3|NJ oy AreiqiT auluQ AS|IM UO (SUOIIPUOD-PUR-SLLIRYWOD AS | IM A RIq 1 U |UO//SANY) SUORIPUOD PUe SWIS | 8Yl33S *[5202/0T/ET] Uo ARlgiTauluo AB|1IM ‘uqws (wz) Bunyasiojuadol | sutey end wniuez-ziuge T Ag 85002 dAU/Z00T 0T/I0p/A0o" A 1M A Riq 1 pUIUO//SANY WOJ) popeojumod ‘T ‘G202 ‘S80T660T


https://doi.org/10.1007/s11356-019-05962-w
https://doi.org/10.5194/hess-17-421-2013
https://doi.org/10.5194/hess-17-421-2013
https://doi.org/10.5194/hess-2020-235
https://doi.org/10.1038/s43017-023-00500-2
https://doi.org/10.1038/s43017-023-00500-2
https://doi.org/10.1029/2006JC003888
https://doi.org/10.1029/2006JC003888
https://doi.org/10.1016/J.ADVWATRES.2017.10.041
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1016/j.marchem.2009.06.003
https://doi.org/10.1016/j.jhydrol.2013.05.049
https://doi.org/10.1016/j.jhydrol.2013.05.049
https://doi.org/10.3390/rs13030358
https://doi.org/10.3390/rs13030358
https://doi.org/10.1029/2008JC005038
https://doi.org/10.1029/2008JC005038
https://doi.org/10.1038/s43017-021-00152-0
https://doi.org/10.1038/s43017-021-00152-0
https://doi.org/10.1002/(SICI)1099-1085(19990615)13:8%3C1277::AID-HYP765%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1099-1085(19990615)13:8%3C1277::AID-HYP765%3E3.0.CO;2-W
https://doi.org/10.1007/s12665-014-3186-9
https://doi.org/10.1029/2003WR002977
https://doi.org/10.1002/hyp.303
https://doi.org/10.1002/hyp.303
https://doi.org/10.1007/s12237-016-0079-z
https://doi.org/10.1007/s12237-016-0079-z
https://doi.org/10.3389/fmars.2019.00809
https://doi.org/10.3389/fmars.2019.00809
https://doi.org/10.1016/j.gca.2012.10.033
https://doi.org/10.1007/s11356-019-06513-z
https://doi.org/10.1002/hyp.1145
https://doi.org/10.3389/fenvs.2019.00141
https://doi.org/10.1111/j.1745-6584.2005.0027.x
https://doi.org/10.1111/j.1745-6584.2005.0027.x
https://doi.org/10.1038/nclimate1744
https://doi.org/10.1038/nclimate1744
https://doi.org/10.1007/s10040-009-0544-x
https://doi.org/10.1007/s10040-009-0544-x
https://doi.org/10.1038/s41597-020-0562-z
https://doi.org/10.1038/s41597-020-0562-z
https://doi.org/10.1007/s12665-013-2904-z
https://doi.org/10.1007/s12665-013-2904-z
https://doi.org/10.1111/j.1745-6584.2004.tb02636.x
https://doi.org/10.1016/S0022-1694(99)00011-6
https://doi.org/10.1016/S0022-1694(99)00011-6
https://doi.org/10.1016/j.advwatres.2012.03.004
https://doi.org/10.1016/j.advwatres.2012.03.004

Wilson, A. M. 2005. “Fresh and Saline Groundwater Discharge to the
Ocean: A Regional Perspective.” Water Resources Research 41, no. 2:
2004WR003399. https://doi.org/10.1029/2004WR003399.

Wilson, A. M., W. S. Moore, S. B. Joye, J. L. Anderson, and C. A. Schutte.
2011. “Storm-driven Groundwater Flow in a Salt Marsh.” Water
Resources Research 47:1-2.

Wilson, A. M., T. B. Evans, W. S. Moore, C. A. Schutte, and S. B.
Joye. 2015. “What Time Scales Are Important for Monitoring Tidally
Influenced Submarine Groundwater Discharge? Insights From a Salt
Marsh.” Water Resources Research 51, no. 6: 4198-4207. https://doi.org/
10.1002/2014WR015984.

Xiao, H., and Y. Tang. 2019. “Assessing the ‘Superposed’ Effects of
Storm Surge From a Category 3 Hurricane and Continuous Sea-Level
Rise on Saltwater Intrusion Into the Surficial Aquifer in Coastal East-
Central Florida (USA).” Environmental Science and Pollution Research
International 26, no. 21: 21882-21889. https://doi.org/10.1007/s11356-
019-05513-3.

Xin, P, S. S. J. Wang, C. Robinson, L. Li, Y.-G. Wang, and D. A. Barry.
2014. “Memory of Past Random Wave Conditions in Submarine
Groundwater Discharge.” Geophysical Research Letters 41, no. 7: 2401-
2410. https://doi.org/10.1002/2014GL059617.

Yu, X., Z. Xu, D. Moraetis, et al. 2021. “Capturing Hotspots of Fresh
Submarine Groundwater Discharge Using a Coupled Surface-
Subsurface Model.” Journal of Hydrology 598: 126356. https://doi.org/
10.1016/j.jhydrol.2021.126356.

Yu, X.,J. Yang, T. Graf, M. Koneshloo, M. A. O'Neal, and H. A. Michael.
2016. “Impact of Topography on Groundwater Salinization due to Ocean
Surge Inundation.” Water Resources Research 52: 5794-5812. https://doi.
0rg/10.1002/2016 WR018814.

Zhang, X., J. Miao, B. X. Hu, H. Liu, H. Zhang, and Z. Ma. 2017.
“Hydrogeochemical Characterization and Groundwater Quality
Assessment in Intruded Coastal Brine Aquifers (Laizhou Bay, China).”
Environmental Science and Pollution Research International 24, no. 26:
21073-21090. https://doi.org/10.1007/s11356-017-9641-x.

Zomer, R.J., A. Trabucco, D. A. Bossio, and L. V. Verchot. 2008. “Climate
Change Mitigation: A Spatial Analysis of Global Land Suitability for
Clean Development Mechanism Afforestation and Reforestation.”
Agriculture, Ecosystems & Environment 126, no. 1-2: 67-80. https://doi.
org/10.1016/j.agee.2008.01.014.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

12 of 12

Hydrological Processes, 2025

35UB0 17 SUOWILLIOD BAIR1D) (et |dde auy Aq pausenoh afe Sao1ie YO ‘9SN JO S3|NJ oy AreiqiT auluQ AS|IM UO (SUOIIPUOD-PUR-SLLIRYWOD AS | IM A RIq 1 U |UO//SANY) SUORIPUOD PUe SWIS | 8Yl33S *[5202/0T/ET] Uo ARlgiTauluo AB|1IM ‘uqws (wz) Bunyasiojuadol | sutey end wniuez-ziuge T Ag 85002 dAU/Z00T 0T/I0p/A0o" A 1M A Riq 1 pUIUO//SANY WOJ) popeojumod ‘T ‘G202 ‘S80T660T


https://doi.org/10.1029/2004WR003399
https://doi.org/10.1002/2014WR015984
https://doi.org/10.1002/2014WR015984
https://doi.org/10.1007/s11356-019-05513-3
https://doi.org/10.1007/s11356-019-05513-3
https://doi.org/10.1002/2014GL059617
https://doi.org/10.1016/j.jhydrol.2021.126356
https://doi.org/10.1016/j.jhydrol.2021.126356
https://doi.org/10.1002/2016WR018814
https://doi.org/10.1002/2016WR018814
https://doi.org/10.1007/s11356-017-9641-x
https://doi.org/10.1016/j.agee.2008.01.014
https://doi.org/10.1016/j.agee.2008.01.014

	A Perceptual Model of Drivers and Limiters of Coastal Groundwater Dynamics
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	3   |   Studied Coastal Aquifers Are Characterised by High Anthropogenic Action
	4   |   A Perceptual Model of Drivers and Limiters of Coastal Groundwater Dynamics
	4.1   |   Coastal Aquifer Interaction With the Ocean
	4.1.1   |   Fresh SGD
	4.1.2   |   Saline SGD and Recharge

	4.2   |   Seawater Recirculation
	4.2.1   |   Density-Driven Seawater Recirculation
	4.2.2   |   Intertidal Seawater Recirculation

	4.3   |   SWI Processes
	4.3.1   |   Horizontal SWI
	4.3.2   |   Vertical SWI


	5   |   Conclusions
	Conflicts of Interest
	Data Availability Statement
	Novelty and International Appeal Statement
	References


