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This study employs groundwater simulations to examine the combined effects of waves, evaporation, and
geologic heterogeneity on the flow and salinity dynamics in a shallow beach environment. The modeling results
reveal that wave motion generates a saline plume beneath the swash zone, with hypersalinity near the surface
triggered by evaporation. Geologic heterogeneity critically controls the temporal and spatial patterns of evap-
oration, moisture content, and salinity in the swash zone. Heterogeneous capillarity creates localized moisture
hotspots within the unsaturated zone, which support enhanced evaporation and therefore facilitate salt accu-
mulation at the surface, even when the overall moisture conditions along the swash zone are not conducive to
high rates of evaporation. The formation of capillary barriers allows these moisture hotspots to persist over tidal
cycles, leading to the retention of saltwater pockets within heterogeneous unsaturated finer sediments. As the
swash zone recedes and evaporation intensifies, salt begins to accumulate near the beach surface. The moisture
hotspots create preferential pathways that facilitate the penetration of hypersaline water into deeper, saturated
sediments. In contrast, within the saturated zone, groundwater flow and salt transport are predominantly driven
by preferential flow within high-permeability coarse sediments where capillarity is relatively low. Such transport
and capillary mechanisms are crucial for a better understanding of coastal groundwater flow, interstitial habitats,
biogeochemical conditions, and consequent nutrient cycling and contaminant transport in coastal zones. This
highlights the necessity of considering integrated coastal physical drivers when investigating flow and transport
processes in coastal swash zones.

1. Introduction

Coastal beaches are biogeochemically active systems, particularly
the swash zone which hosts significant exchange of water and chemicals
across the land-sea interface (Elfrink and Baldock, 2002; Geng et al.,
2021a; Horn, 2006; Malott et al., 2016; Sous et al., 2016). This zone is
characterized by high-frequency inundation and infiltration of seawater,
driven by swash motion (Geng et al., 2017; Heiss et al., 2014; Sous et al.,

2013). Consequently, salinity has been identified as a critical indicator
in shaping the diversity and abundance of intertidal communities and
their activities related to primary productivity and decomposition
(Chambers et al., 2016; Lew et al., 2022). Elevated interstitial salinity
has been linked to increased emergence rates for certain coastal species,
such as platyhelminthes and copepods (Armonies, 1988; Zeppilli et al.,
2018). In particular, hypersalinity can lead to cell dehydration, a
decrease in turgor pressure, and impaired embryonic development
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(Einav et al., 2003; Nabavi et al., 2013; Sen, 2005). Additionally, studies
have shown that hypersaline conditions limit the microbial degradation
of oil residues deposited on Gulf beaches following the Deepwater Ho-
rizon oil spill (Abou Khalil et al., 2020; Geng et al., 2021b). Therefore,
characterizing groundwater flow and salinity dynamics in the swash
zone is crucial for understanding its role in regulating biogeochemical
transformations and the associated biodiversity and abundance in
coastal zones.

In coastal beaches, groundwater flow and salt transport processes are
influenced by numerous physical driving factors. Among these, evapo-
ration plays an important role in altering pore water flow pathways by
increasing its salinity (Li et al., 2005; Silvestri et al., 2005; Zhang et al.,
2014). In saline sediments, evaporation creates hydraulic gradients that
drive upwelling pore water flow, leading to salt accumulation near the
surface (Geng et al., 2016; Geng and Boufadel, 2015a). This accumu-
lated salt reduces surface evaporation and establishes vertical density
gradients, which in turn drive groundwater flow downwards. Research
has shown that groundwater upwells in the swash zone due to evapo-
ration near the sediment surface (Geng et al., 2023; Geng and Boufadel,
2015b; Zhang et al., 2014). These effects are more pronounced in coastal
beach systems with relatively shallow groundwater tables (Geng and
Boufadel, 2017; Xin et al., 2017). The rate of evaporation from the
ground surface is influenced by the humidity gradient between the air
and the land surface (Mahfouf and Noilhan, 1991). The high water
content near the beach surface, facilitated by the shallow groundwater
table, enhances the evaporation of pore water from the sediments. This
shallow groundwater table also establishes a strong hydraulic connec-
tion between the evaporation front and deep groundwater, replenishing
the water lost to evaporation from the surface and leading to a consistent
evaporation rate (Liu et al., 2022).

Another critical factor influencing beach groundwater dynamics is
the spatial heterogeneity of sediment permeability. Porous media are
generally heterogeneous, which spatially and temporally alters
groundwater flow and solute transport patterns, particularly in coastal
regions (Adams and Gelhar, 1992; Dagan, 2012; Dentz et al., 2011;
Gelhar, 1993; Geng et al., 2023, 2020a; Li et al., 2008a; Olorunsaye and
Heiss, 2024; Sebben and Werner, 2016). Research has shown that spatial
variability in sediment permeability can produce chaotic velocity fields
that are similar to turbulent flow fields (Weeks and Sposito, 1998).
Beach heterogeneity has been identified in prior studies (Gallagher
et al., 2016; Neal et al., 2002). Despite extensive modeling efforts to
investigate coastal groundwater and salinity dynamics, studies often
focus on the impact of a single driving factor (Geng et al., 2014; Heiss
et al., 2017; Li et al., 2008b; Lu et al., 2013; Robinson et al., 2014;
Wilson and Gardner, 2006; Xin et al., 2010), such as tides, waves,
evaporation, and heterogeneity, or the combined impacts of two of the
aforementioned factors (Geng et al., 2023, 2020b, 2020a; Geng and
Boufadel, 2015c; Heiss et al., 2020; Wang et al., 2023; Xin et al., 2017;
Zhang et al., 2021). Currently, no comprehensive field measurements or
numerical simulation exist that incorporate aerodynamics, high-
frequency seawater inundation, and subsurface flow dynamics to
explore the integrated role of multiple driving factors and complex ge-
ology in regulating swash zone dynamics.

Groundwater and salinity dynamics in the swash zone are influenced
by individual waves. As waves approach the shore and encounter shal-
lower water depths, they become unstable and break. The resulting bore
leads to complex pressure oscillations along the swash zone surface,
generating significant interaction and exchange between seawater and
groundwater. Phase-resolving modeling of surface waves, which
explicitly reproduces the sea surface and velocity field evolution using
turbulence models, is computationally expensive (Bakhtyar et al., 2011;
Geng et al., 2014; Hirt and Nichols, 1981; Wilcox, 1998, 1993). To more
effectively simulate wave effects on swash groundwater dynamics,
simplified approaches have been developed, though they often neglect
the high-frequency response of subsurface flow and moisture content to
individual waves (Geng and Boufadel, 2015c; Robinson et al., 2014; Xin
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et al., 2010). Site-specific modeling has also been conducted, where
high-frequency wave-induced pressure oscillations along the beach
surface were measured and adopted for groundwater simulations (Geng
et al., 2020b, 2017).

The objective of this paper is to evaluate the effects of heterogeneous
hydraulic conductivity and capillarity on groundwater flow and salinity
dynamics in the swash zone, subjected to temporally alternating effects
of wave swash and evaporation (Fig. 1). Specifically, the numerical
study presented herein is based on a field study conducted on a beach
with wave swash (Heiss et al., 2015). Geologic heterogeneity was
modeled using permeability datasets collected from the Upper Creta-
ceous Straight Cliffs Formation near Escalanete, Utah, which represents
a wide range of fluvial to marine depositional settings, including both
wave-dominated and tide-dominated nearshore-marine environments
(Castle et al., 2004). Simulations of subsurface flow and salt transport
were conducted through a 2-D density-dependent variably saturated
model within a Monte Carlo framework. For comparison, an additional
simulation was performed with a homogeneous K field that had the same
geometric mean as the heterogeneous sediments (2.4 x 10 m/s).
Tempo-spatial patterns of swash zone pore-water flow and salinity were
quantified for a deep understanding of the controls of geologic hetero-
geneity on flow and mixing dynamics in the swash zone of beach
aquifers.

2. Methodology
2.1. Field measurements from prior work

Field measurements of pore pressure, moisture content, and runup
location were conducted on a beach located at Herring Point, Cape
Henlopen, DE, USA (Figure S1). At this site, a cross-shore transect of six
instrument arrays of moisture sensors (Meter Environmental EC-5 Soil
Moisture Sensors) was installed in the upper beachface. The position of
the instrument transect was chosen such that the transect spanned the
swash zone at high tide. The moisture sensors were fixed at 4-6-cm
depth intervals on each vertical array, beginning at 2 cm depth and
reaching a maximum depth of 24 cm. These moisture sensors were used
to characterize saturation fluctuations in response to swash motions.
Pressure transducers (Druck PTX 1835) were mounted at the bottom of
each instrument array to capture the effects of tide and swash forcing on
pore pressure oscillations and thus groundwater table fluctuations.

Pressure transducers were also affixed to four of the arrays at the
sand surface. These surface pressure transducers recorded surface water
pressure variations, allowing us to determine when the transect was
inundated by swash. Saturation and pore pressure were recorded at 5
and 16 Hz, respectively. Tides were semidiurnal with a mean tidal range
of 1.4 m. As a result, the studied transect was exposed to wave swash for
approximately 8 h within a tidal cycle. Further details regarding the field
measurements can be found in Heiss et al. (2015).

2.2. Representation of heterogeneous fields

Geophysical fields (e.g., hydraulic conductivity K field) have been
widely observed to be self-similar or so-called scaling invariant
(Boufadel et al., 2000; Peitgen and Saupe, 1988). Scaling properties of a
K field at the support scale h can be characterized using the sth order
structure function:

([AKLT') B8 )}

where the function &(s) is the structure function exponent. In this study,
heterogeneous K fields were assumed to follow multifractal scaling,
which captures both Gaussian and non-Gaussian statistics.
Heterogeneous K fields were generated based on permeability data
measured from a portion of the Upper Cretaceous Straight Cliffs For-
mation near Escalanete, Utah (Castle et al., 2004). This dataset
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Fig. 1. Conceptual model of salinization process in swash zone influenced by tides, waves, evaporation, and geologic heterogeneity. Groundwater flow and salt
transport simulations were conducted using field data collected from a sandy beach at Herring Point, Cape Henlopen, DE, USA (Figure S1). Sediment heterogeneity
was modeled based on permeability data from the Upper Cretaceous Straight Cliffs Formation near Escalanete, Utah, which represents a wide range of fluvial to
marine depositional settings, including both wave-dominated and tide-dominated nearshore-marine sediment environments.

comprises approximately 500 permeability measurements taken at a
sample spacing of 15 cm along four vertical transects and three hori-
zontal transects, representing a wide range of fluvial to marine deposi-
tional settings, including both wave-dominated and tide-dominated
nearshore-marine environments. In our previous study (Geng et al.,
2020c), the permeability data from the Utah sites exhibited multifractal
isotropic scaling, as evidenced by the nearly linear relationship between
the power spectral density and spatial lag on a log-log plot (Figure S2).
Consequently, heterogeneous K fields were generated using the Uni-
versal Multifractal model, with the multifractal properties derived from
the Utah data as input. In the UM model, the function &(s) is expressed as
follows (Pecknold et al., 1993; Schertzer and Lovejoy, 1987):

c o,
fsz—a/ (s* —s) 2)
where a’ (0 < a’ < 2) is the multifractal parameter, measuring departure
from monofractal behavior defined by a / = 0; c1 is the codimension
parameter, measuring the degree of intermittency; and H is the Hurst
exponent linked to the degree of scale-invariant smoothing. To mitigate
any potential bias originating from the boundaries, the 2D fractal K field
was generated over 512 x 512 cells at 5 cm x 5c m resolution, and the
central 140 x 50 cells were extracted and used for groundwater flow and
transport modeling. Thirty realizations were generated with the geo-
metric mean of 2.4 x 10 m/s and the standard deviation of 4.4 x 10"
m/s. The generated multifractal fields were tested to preserve the same
underlying statistics as the measurement fields by comparing observed
and simulated structure function exponents (i.e., £). The details of
generating multifractal K fields are described in Geng et al. (2020c). A
homogeneous case with the equivalent K to the heterogeneous case was
simulated for comparison. Following von Jeetze et al. (2020), parameter
a was used to reflect spatial heterogeneity of capillarity properties and a
linear correlation was assumed between a and K

K, a
ITO =(1+0.1Ry) ;0 3
where K; and a;, where i = 0, 1, represent the hydraulic conductivity and
the van Genuchten parameter which represents an estimate of the
thickness of the capillary fringe, for two different sediment types,
respectively, and Ry is a uniformly distributed random variable between
0 and 1, accounting for certain perturbation of the correlation.

2.3. Groundwater flow and solute transport model

Subsurface flow and solute transport were simulated using the var-
iably saturated density-dependent model MARUN (Boufadel et al., 1999;
Geng et al., 2017; Geng and Boufadel, 2015b). The simulated domain
represented a 2-D cross-section of a beach aquifer, measuring 2.5 m in
length and approximately 6 m in depth (Fig. 1), extending horizontally
from the landward to seaward instrument arrays. The mesh resolution
was approximately 5 cm in the horizontal direction and about 2 cm
above and 5 cm below elevation z = 0 in the vertical direction. Pressure
data measured by the transducers at the beach surface were interpolated
across the transect and assigned to each surface node to represent swash
forcing. A freshwater salinity of 0.0 g/L was assigned at the landward
boundary. The model performed a check on the surface nodes: a
Dirichlet boundary condition of 35.0 g/L was assigned for the nodes
where seawater infiltrated, and a Cauchy boundary condition was
assigned to the nodes exposed to the air to simulate evaporation-induced
salt accumulation. The time step was automatically adjusted by the
model to ensure convergence criteria were met (Courant number < 1).
This site-specific numerical model has undergone extensive validation in
our earlier research on groundwater dynamics in the swash zone (Geng
et al., 2020b, 2017), where evaporation effects were not taken into ac-
count. The parameter values used for the simulations are reported in
Table 1.

2.4. Evaporation

Evaporation occurred on the portion of the surface exposed to the air.
A Neumann boundary condition was adopted on the surface to simulate
evaporated water flow, and the evaporation flux, Eg, was calculated
using the bulk aerodynamic approach (Mahfouf and Noilhan, 1991):

Eg = Lar (95 — Gair) 4

P, WaterRﬂif

Here, pgir and pyqrer represent the density of air and freshwater, respec-
tively, g, and qg are the air and surface relative humidity, and R is the
aerodynamic resistance, expressed as 94.909 x w9936 where u repre-
sents the wind speed at the atmospheric reference level (~2 m above the
sand surface). A Cauchy boundary condition was adopted in the MARUN
model to simulate solute accumulation below the soil surface due to
evaporation, expressed as follows (Geng and Boufadel, 2015b):

(qc—ppSD-Ve)-m =0 (5)
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Here q is the Darcy flux vector, c is the solute concentration, § is the
density ratio between actual water density to freshwater density, ¢ is the
porosity of the porous medium, S is the soil moisture, D represents the
physical dispersion tensor, 7 is the vector normal to the boundary. In
this study, we established meteorological parameters of 20 % relative
humidity during the day and 80 % at night, a temperature of 27 °C, and a
wind speed of 8.94 m/s to represent the typical dry summer climate
observed in Lewes, Delaware. The potential evaporation rates were
estimated to be 1.6 x 10"® m/s during the day and 3.9 x 107 m/s at
night. Numerical simulations were initially conducted without evapo-
ration. After the system reached a quasi-steady state, evaporation was
introduced into the model. The simulations were continued over mul-
tiple tidal cycles until a quasi-steady state was achieved. The results
presented in the paper, spanning a two-day period, reflects this quasi-
steady state, where evaporation-induced salinity increases are eventu-
ally diluted and washed out by subsequent swash motion before the next
cycle of evaporation begins.

3. Results
3.1. Effects of heterogeneity on variably saturated hydraulic conductivity

Sediment heterogeneity creates spatial variability in hydraulic con-
ductivity, due to differences in both the permeability and capillary
properties in variably saturated beaches (Fig. 2). Hydraulic conductiv-
ity, denoted as K, is calculated as kK, where the relative permeability k,
varies between 0 and 1, representing variably saturated conditions, and
is equal to 1 when porous media are fully saturated, and K, represents
saturated hydraulic conductivity (Equation (3). As shown in Fig. 2a and
2b, for each simulated model cell, a higher K results in a lower theo-
retical capillary fringe (1/a) height, due to the linear relation between K
and the van Genuchten parameter a. The selected K values at the 5th,
25th, 50th, 75th, and 95th percentiles from the heterogeneous fields
illustrates the combined effects of heterogeneous permeability (i.e.,
saturated hydraulic conductivity) and heterogeneous capillarity (i.e., @)
on actual hydraulic conductivity (Fig. 2c). When the sediment is fully
saturated, hydraulic conductivity depends solely on its saturated values.
As the sediment pores begin to drain, the sediments become unsatu-
rated, indicated by the pore pressure decrease from zero (i.e., saturated)
to negative (i.e., unsaturated). Hydraulic conductivity decreases rapidly
and signficantly for high percentiles of K (i.e., high K values). In
contrast, for low percentiles of K (i.e., low K values), the hydraulic
conductivities maintain their saturated levels across a wider pressure
range before gradually decreasing as the pore pressure continues to drop
(Fig. 2c). Notably, sediment at the 5th percentile K maintains its satu-
rated level at pressures as low as —0.6 m, compared to sediment at the

Log(Ky/Ko, win)
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95th percentile K, which begins to decrease when the pressure drops
below just —0.05 m.

3.2. Evaporation and salinity dynamics in the swash zone

Waves dynamically alter the evaporation rate, subsequently
affecting the near-surface salinity in the swash zone of both homoge-
neous and heterogeneous sediments. As demonstrated in Fig. 3a and 3b,
high-frequency wave motion in the swash zone causes significant fluc-
tuations in evaporation rates. During periods of wave run-up, the top of
the model domain is inundated, temporarily halting evaporation and
increasing water content within the near-surface sediments. Conversely,
during wave run-down, the exposed high-moisture sediments promote
evaporation at the swash zone’s surface. As the swash zone waves recede
seaward during falling tide, there is a gradual decrease in evaporation
rate over time (e.g., between time t = 12 h and 17 h), correlating with a
decline in surface moisture as shown in Fig. 3c. The evaporation rate is
slightly higher in the heterogeneous case due to its relatively greater
overall moisture content near the beach surface, which is attributed to
the presence of smaller grained material that holds moisture. Notably,
there is an apparent inconsistency between the increase in evaporation
rates and the salinity at the swash zone surface. During periods of sig-
nificant fluctuations in the evaporation rate, specifically between times
t = 3h and 10 h, the near-surface salinity in the homogeneous case does
not exceed that of seawater (Fig. 3d). This is likely due to the rapid
dilution of accumulated salt by seawater infiltration when frequent
swash events inundate the surface of the model domain. In contrast, in
the heterogeneous case, the near-surface salinity is slightly elevated
above the seawater level during this period, likely due to the higher
evaporation rate compared to the homogeneous case. In contrast, during
periods when waves recede seaward during falling tide, the average
salinity within the top 5 cm of sediment significantly increases from
seawater levels (35 g/L) to nearly 90 g/L and 70 g/L, for heterogeneous
and homogeneous cases, respectively, indicating substantial salt accu-
mulation even as the evaporation rates gradually drop. The higher peak
salinity in the heterogeneous case is due to a higher overall evaporation
rate at the beach surface. The temporal evolution of the areal extent of
evaporation-induced high salinity (> 35 g/L of seawater salinity) and
hypersaline (>45 g/L, defined as a threshold of hypersalinity) zones also
reflects these distinct patterns: the spatial extent of the hypersaline
plume increases with the absence of swash inundation due to evapora-
tion and is rapidly diminished by subsequent swash action (Fig. 3e-3f).
These results highlight the complex interplay between waves and
evaporation on altering near-surface salinity along the swash zone.

The combined effects of wave swash and geologic heterogeneity
significantly influence the temporal and spatial trends in evaporation
along the swash zone. Our simulation results show high-frequency
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simulated average evaporation rate and moisture ratio along the swash zone; (d) simulated average salinity within the top 5 cm of the sediment in the swash zone;
and (e) the simulated areal extent of evaporation-induced high salinity and hypersaline zones, where salinity exceeds 36 g/L (seawater) and 45 g/L, respectively,

illustrated for the homogeneous case and a representative heterogeneous case.

variations in the spatial extent of the evaporation rate along the beach
surface (Fig. 4a). These variations correlate strongly with the temporal
fluctuations in the overall evaporation rate in this zone. This suggests
that the overall intensity of evaporation along the simulated beach
domain is largely governed by its changing spatial extent which is
influenced by waves. However, as the waves recede seaward during
falling tide, geologic heterogeneity exerts a strong control over the
spatial patterns of evaporation (Fig. 4b-4i). The results indicate that the
spatial extent of evaporation is lower in the heterogeneous case than in
the homogeneous case when waves recede seawater during falling tide
(e.g., between time t = 12 h and 17 h in Fig. 4a). This is due to areas of
low capillarity (high K aggregates) on the heterogeneous sediment
surface that retain insufficient moisture to trigger evaporation (e.g.,
between x = 0.5 m and x = 0.7 m in Fig. 4b-4e). When the swash zone
moves seaward of the model domain during falling tide, evaporation
rates and moisture content in the homogeneous case show a spatially
uniform distribution across the evaporation surface (Fig. 4f-4i). This
spatial uniformity is attributed to the homogeneity of the sediments,
which drain water almost evenly, maintaining a stable humidity
gradient conducive to evaporation. In contrast, in the heterogeneous
case, evaporation rates exhibit significant spatial variation both when
the model domain is inundated by swash and when it is not (Fig. 4
column 1, black lines). This spatial variaiblity of evaporation rate mir-
rors the spatial distribution of moisture (Fig. 4 column 2, black lines).
The heterogeneous capillary properties of the sediments spatially con-
trol the capacity of local-scale sediments to retain moisture as they
become unsaturated, thus causing varying evaporation rates. Specif-
ically, high capillary zones (low K aggregates) retain moisture that
consistently support high evaporation rates at the surface (e.g., between
x =0.7m and x = 1.0 m in Fig. 4b-i), whereas, low capillary zones
promote groundwater drainage, leading to relatively low moisture levels
that impede surface evaporation (e.g., between x = 0.5 m and x = 0.7
m).

Geological heterogeneity strongly influences pore water salinity in
the swash zone through its control on the average evaporation rate.

Fig. 5a shows the average evaporation rate over two tidal cycles (i.e., 24
h), and Fig. 5b shows salinity averaged within the top 5 cm of sediment
between times t = 10h and 18 h, which is when salt accumulation oc-
curs. In the homogeneous case, a nearly spatially uniform evaporation
rate forms along the simulated beach surface. Similarly, the salinity
distribution is to some extent uniform, remaining at 60 g/L, except for a
lower salinity at the most landward side due to fresh groundwater
recharge, and a relatively higher salinity at the seaward side due to
slightly higher evaporation rates. In contrast, in the heterogeneous
cases, both the averaged evaporation rate and the resulting salinity
exhibit significant spatial variation across the beach surface. Although
the average evaporation rates are comparable between the homoge-
neous and heterogeneous cases, the evaporation rates among the het-
erogeneous cases show large variations. The maximum evaporation rate
and salinity reach about 4.5 x 10 m%/(m-s) and 140 g/L, respectively,
which are over four times and two times higher than their averages.
These results indicate that local-scale heterogeneity, particularly the
presence for high capillarity zones near the surface leading to high air-
entry pressure, significantly increases the spatial variability of hyper-
salinity that form near the sand surface due to evaporation.

3.3. Subsurface development of evaporation-induced high salinity plume

The interaction between wave swash, evaporation, and heterogene-
ity drives a complex spatial evolution of a saline plume beneath the
swash zone. The simulation results demonstrate the following dynamics:
During periods when waves recede seaward during falling tide, evapo-
ration leads to increased salt accumulation, resulting in the formation of
a high salinity plume near the swash zone surface that is denser than
seawater (Fig. 6). This high salinity plume notably expands at the lower
portion of the model domain (e.g., time t = 10.5 h and 16.5 h). When
waves begin impacting the top of the domain, the high-salinity plume is
pushed landward and downward due to wave-induced seawater infil-
tration, becoming diluted by the surrounding low-salinity groundwater
(e.g., time t = 17.5 h). During periods of intense wave activity on the
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swash zone, such as at times t = 18 h and 19 h, the high-salinity plume
near the seaward portion diminishes due to progressive dilution by
swash infiltration. Consequently, the high-salinity plume forms only
under the landward portion of the simulated sand surface, where the
effects of the swash are minimal. This dynamic interaction leads to
spatial variation in salinity along the swash zone over time. The impacts
of geologic heterogeneity on the spatial evolution of the evaporation-
induced high-salinity plume are also apparent. Compared to the ho-
mogeneous case, salt fingers form near the beach surface when evapo-
ration starts to elevate the near-surface salinity (e.g., at time t = 10.5 h).
These dense salt fingers further develop at time t = 16.5 h, creating high-
salinity hotspots at the surface. The results indicate that local hetero-
geneity coupled with evaporation creates a more unstable flow field
under the swash zone compared to homogeneous sediments.

Wave motion leads to dynamic changes in moisture conditions
within the swash zone (Fig. 7), which strongly affect its salinity evolu-
tion (Fig. 6). In the homogeneous case, the moisture ratio is relatively
higher near the lower part of the simulated domain due to more frequent
inundation by wave-induced seawater infiltration as well as shallower

groundwater table (e.g., the upper panel in Fig. 7 at time t = 10.5 h).
This elevated moisture accounts for the higher salinity levels observed in
this area (e.g., the upper panel in Fig. 6 at time t = 16.5 h). As waves
approach the simulated domain, seawater infiltration at the wavefronts
increases the moisture ratio (e.g., the upper panel in Fig. 7 at times t =
17.5h, 18 h, and 19 h), diluting the accumulated salt at these locations
(e.g., the upper panel in Fig. 6 at timest =17.5h, 18 h, and 19 h). As a
result, the evaporation-induced high-salinity zone tends to move further
landward due to swash motion. The simulation results highlight the
critical role of water content in modulating pore-water salinity along the
swash zone through evaporation. When evaporation occurs, the rela-
tively high moisture near the surface of the swash zone creates a pro-
nounced humidity gradient, leading to a high evaporation rate and
consequently, an intense accumulation of salt near the surface.
Conversely, as waves approach the simulated domain, the increased
moisture aids in diluting the hypersaline concentrations back to the level
of seawater salinity (e.g., the upper panel in Fig. 6 at timest =17.5h, 18
h, and 19 h). Our simulation results show that following wave-induced
seawater infiltration, heterogeneous capillarity creates capillary
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barriers, where capillarity tension prevents groundwater flow from the
low-permeability units to the surrounding high-permeability units. This
leads to the retention of saltwater within high capillarity (low-K) zones,
thereby creating moisture hotspots within the unsaturated zone. The
hydraulic conductivity at these moisture hotpots within unsaturated
zone is relatively higher than in the surrounding areas, which has strong
implications for the spatial evolution of the evaporation-induced high-
salinity plume in the subsurface.

Capillarity is an important control on preferential flow in the un-
saturated zone of swash zones with geologic heterogeneity, while
permeability is the primary controlling factor for saturated groundwater
flow. These contrasting effects significantly influence the evolution and
pathways of the evaporation-induced high-salinity plume in the sub-
surface. In the homogeneous case, as the tide and swash zone recede
seaward of the simulated beach domain, percolating seawater continues
to flow vertically through the unsaturated zone to the water table, where
it then flows seaward driven by the large-scale terrestrial hydraulic

gradient (Fig. 8a-8b). As waves approach the simulated sand surface,
seawater starts to saturate the surface sediments. This forms a wedge of
high moisture content near the beach surface that rapidly expands both
landwards and downwards as the swash zone moves further inland
(Fig. 8c-8d). Swash-induced seawater infiltration forms a water table
mound, resulting in seaward flow on the sea side of the mound and
landward flow on the land side (Fig. 8c-8d). Similar flow patterns are
observed in the heterogeneous case; however, velocity magnitudes are
highly irregular across space due to the heterogeneous permeability and
capillarity (Fig. 8e-8 h). Notably, localized areas of high pore-water
velocities extend from the sand surface, through the unsaturated zone,
and into the saturated zone, creating dendritic preferential flow paths in
the sediments with higher hydraulic conductivity. The spatial expansion
of the high-salinity plume in the heterogeneous case tracks the begin-
ning of the preferential flow pathways in the unsaturated zone (Fig. 8i-8
1). Within the unsaturated zone in heterogeneous media, areas of high
capillarity retain a high moisture content. Consequently, the
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evaporation-induced high salinity plume predominately evolves along
connected high capillary zones, penetrating downward into deeper
saturated zones (black dotted contours shown in Fig. 8e-8 h). In contrast,
within the saturated zone, preferential groundwater flow pathways
emerge through zones with high permeability, where capillarity is
relatively low.

Waves and evaporation recursively impact the depth of the hyper-
saline plume beneath the swash zone. In Fig. 9a-9b, the penetration
depth of the hypersaline plume (salinity > 45 g/L) varies with the pe-
riodic motion of waves in the swash zone, reaching its maximum depth
during periods when waves recede during falling tide. On average, the
plume extends to a depth of ~ 3 cm in both heterogeneous and homo-
geneous cases. However, the maximum penetration depth for the het-
erogeneous case is much greater, reaching as deep as 30 cm, compared
to the maximum penetration depth of 6 cm for the homogeneous case.
This is due to the formation of preferential flow pathways from het-
erogeneous capillarity, which allow the hypersaline plume to penetrate
deeper into the subsurface. Consequently, the resulting salt fingers
significantly increase the downward flux of salt. Additionally, the hy-
persaline plume persists for a longer period in the heterogeneous case
than in the homogeneous case (Fig. 9a). This is likely because localized
moisture hotspots, generated within high capillarity zones, can still
support evaporation, even when the overall moisture conditions near
the sand surface are not conducive to evaporation. This allows the hy-
persaline plume to emerge earlier and last for an extended period. The
vertical salinity profiles, shown in Fig. 9b-9c, reveal a significant
decrease in salinity with increasing depth for both the homogeneous and
heterogeneous cases. Notably, at times t = 10h, 12h, and 16 h, the
horizontally averaged salinity nearly reaches 150 g/L and 120 g/L in the
heterogeneous and homogeneous cases, respectively, but then decreases
to below 40 g/L within a 20 cm depth. This pattern indicates that
although salinity is extremely high near the sand surface, the accumu-
lated mass of salt is relatively low compared to the volume of sur-
rounding saline water. This difference allows for rapid dilution,
effectively preventing the formation of a persistent hypersaline plume in
the deep sediments beneath the swash zone.

Descriptive statistics show that the maximum penetration depth of
the evaporation-induced high-salinity plume is consistently higher for
the heterogeneous cases compared to the homogeneous case (Fig. 10a
and 10b). The maximum penetration depth of the high-salinity plume
(salinity > 35 g/L) for the homogeneous case is within 100 cm; in
contrast, the maximum depth of the plume within the heterogeneous
sediments can be as deep as 200 cm beneath the beach surface.
Furthermore, the maximum penetration depth in the heterogeneous
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models shows significant spatial variation. This is due to heterogeneous
capillarity and permeability, which create vertical preferential flow and
transport paths in the unsaturated and saturated zones, as discussed
previously. In contrast, the hypersaline plume (salinity > 45 g/L) de-
velops within just ~ 5 cm of the sand surface for the homogeneous case,
and as deep as 40 cm in heterogeneous cases. The vertical profiles in
Fig. 10c show that within heterogeneous sediments, the evaporation-
induced high salinity plume not only extends deeper, but also exhibits
higher maximum salinity (Fig. 10c). The average maximum salinity is
higher at all depths for the heterogeneous cases. The penetration depth
as well as the maximum salinity for the homogeneous case are compa-
rable to the minimum values of the heterogeneous cases. This indicates
that geologic heterogeneity facilitates spatial evolution of the
evaporation-induced high-salinity plume in the subsurface, increasing
both its spatial expansion as well as salinity levels. Descriptive statistics
also indicate that sediment heterogeneity leads to signficiant variation
in moisture content along the swash zone surface (Fig. 10d). The
resulting moisture hotspots intensify evaporation and promote the ver-
tical penentration of evaporation-induced hypersaline plumes.

4. Discussion

Our study highlights the dynamic changes in moisture and salinity
within the swash zone, governed by the combined effects of wave action,
evaporation, and geologic heterogeneity. In particular, under certain
sediment properties and atmospheric conditions, evaporation triggers a
hypersalinity zone at the surface of the swash zone, which then migrates
downwards due to vertical density and hydraulic gradients. Heteroge-
neity creates moisture hotspots and induces unstable development of a
hypersaline plume beneath the swash zone, following preferential
groundwater flow pathways. Such transport mechanisms can strongly
affect the biogeochemical conditions beneath swash zones. For example,
in marine sediments, moisture content significantly impacts the habitat
of microbial communities and associated biogeochemical processes such
as nitrogen mineralization and nitrification (Cassman and Munns, 1980;
Guntinas et al., 2012). The salinity of pore water is also crucial for the
functioning and ecological services of beach environments (Chambers
etal., 2016; Jia et al., 2019; Lew et al., 2022). Previous research reveals
that hypersalinity hampers the microbially mediated uptake of dissolved
organic carbon (DOC) and dissolved organic nitrogen (DON) (Paerl and
Yannarell, 2010; Yannarell and Paerl, 2007). This occurs because
increased salinity leads to cell dehydration and a reduction in turgor
pressure, which are essential for maitaining cell structure and function
(Nabavi et al., 2013; Oren, 2008). Additionally, the high ionic strength
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in hypersaline environments can interfere with microbial communica-
tion and biofilm formation, further reducing microbial activity (Grattieri
and Minteer, 2018). Thus, our model results of the combined effects of
evaporation and geologic heterogeneity on temporal and spatial dy-
namics of moisture content and salinity in the swash zone is likely to
have profound implications for biogeochemical processes in coastal
beach environments.

Our study highlights the importance of geologic heterogeneity in the
transport dynamics of the swash zone. In coastal marine systems, the
supralittoral and sublittoral zones are recognized as being particularly
vulnerable to various sea-derived contaminants, such as nutrients,
spilled oil, and organic pollutants (e.g., PCBs) (Brownawell and Far-
rington, 1986; Geng et al., 2021b; Slomp and Van Cappellen, 2004; Wu
et al., 2015). The interactions between seawater and groundwater in
coastal zones facilitate the deposition and penetration of these con-
taminants into beach environments. In this paper, we illustrate for the
first time the diverse role of heterogeneous capillarity in the transport of
solutes within swash zones, taking into account the combined impacts of
waves and evaporation. Heterogeneous capillarity creates moisture
hotspots that retain salt beneath the swash zone. These hotspots persist
over tidal cycles due to capillary tension and the formation of capillary
barriers at the boundaries of fine and coarser sediments. However, as
evaporation occurs, salt begins to accumulate near the beach surface.
The resulting hypersalinity creates vertical density gradients, leading to
the downward migration of solutes through the unsaturated zone via the
connected high capillarity zones where hydraulic conductivity is rela-
tively higher compared to surrounding areas. In contrast, as solutes
migrate into the saturated zone, they are predominantly transported
along high-permeability-induced preferential flow pathways where
sediment capillarity is low. Additionally, recursive seawater inundation

10

and infiltration driven by oceanic forces (e.g., tides and waves) often
reset the near-surface salinity back to the seawater level, rendering these
driving mechanisms periodic. Compared to each individual processes,
combined driving processes create more dynamic changes in ground-
water flow and salinity in coastal beach sediments. These findings sug-
gest that the spatially heterogeneous moisture distributions and
associated moisture hotspots can have substantially lasting effects on the
persistence and transport of various soluble chemicals and contaminants
within coastal beach sediments.

This study provides valuable insights into the complex interactions
between wave action, evaporation, and sediment heterogeneity on
groundwater flow and salinity dynamics in coastal swash zones. How-
ever, several limitations should be acknowledged. While the numerical
simulations are informed by field data from previous studies, compre-
hensive model validation was limited due to the scarcity of field data,
particularly concerning the exchange of water flow and chemical fluxes
across the land-ocean-atmosphere interfaces. The highly dynamic na-
ture of these processes, especially the influence of tides, waves, evapo-
ration, and local heterogeneity, is challenging to capture through
discrete sampling points, and the numerical model may not fully
represent these complexities. Additionally, our study does not account
for a wide range of coastal settings, beach sedimentary processes (such
as erosion and accretion), or diverse meteorological conditions (such as
rainfall), which could affect the generalizability of the findings. Future
research could aim to incorporate these broader factors and validate the
model with more extensive datasets, including high-resolution temporal
and spatial measurements of flow and transport processes across the
interfaces between land, ocean and atmosphere in coastal zones, to
enhance the robustness and applicability of the results.
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5. Conclusion

Simulations of moisture and salinity dynamics in the swash zone
reveal that wave action increases near-surface moisture, leading to a
higher evaporation rate, characterized by dynamic fluctuations due to
high-frequency surface inundation driven by swash motion. Heteroge-
neous capillarity creates localized moisture hotspots that support
evaporation and salt accumulation, even when the overall moisture
conditions along the swash zone are not conducive to evaporation, thus
significantly raising salinity levels in these areas. Capillary barriers
formed during swash infiltration allow moisture hotspots to persist
across tidal cycles, trapping saltwater pockets within unsaturated sedi-
ments. These moisture hotspots in high-capillarity zones create prefer-
ential pathways, allowing evaporation-induced hypersaline water to
penetrate deeper into saturated sediments. These insights are crucial for
enhancing our understanding of coastal groundwater flow, biogeo-
chemical conditions, and the resulting nutrient cycling and contaminant
transport in coastal zones. They underscore the necessity of considering
integrated coastal physical drivers when investigating coastal flow and
transport processes in coastal swash zones.
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