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Abstract A combined field and numerical study was conducted to investigate dynamics of subsurface
flow and moisture response to waves in the swash zone of a sandy beach located on Cape Henlopen, DE. A
density-dependent variably saturated flow model MARUN was used to simulate subsurface flow beneath
the swash zone. Values of hydraulic conductivity (K) and characteristic pore size (a, a capillary fringe prop-
erty) were varied to evaluate their effects on subsurface flow and moisture dynamics in response to swash
motions in beach aquifers. The site-specific modeling results were validated against spatiotemporal meas-
urements of moisture and pore pressure in the beach. Sensitivity analyses indicated that the hydraulic con-
ductivity and capillary fringe thickness of the beach greatly influenced groundwater flow pathways and
associated transit times in the swash zone. A higher value of K enhanced swash-induced seawater infiltra-
tion into the beach, thereby resulting in a faster expansion of a wedge of high moisture content induced by
swash cycles, and a flatter water table mound beneath the swash zone. In contrast, a thicker capillary fringe
retained higher moisture content near the beach surface, and thus, significantly reduced the available pore
space for infiltration of seawater. This attenuated wave effects on pore water flow in the unsaturated zone
of the beach. Also, a thicker capillary fringe enhanced horizontal flow driven by the larger-scale hydraulic
gradient caused by tides.

1. Introduction

The swash zone, defined as that part of the beach between the wave run-down and run-up limits, has been
recognized as a very dynamic region in coastal aquifer systems due to high-frequency inundation and infil-
tration by individual waves (Geng & Boufadel, 2017; Geng et al., 2016a; Horn, 2006; Robinson et al., 2009;
Spiteri et al., 2008). Previous studies have revealed significant influences of seawater infiltration and associ-
ated mixing with groundwater on the geochemical conditions and chemical fate in nearshore beach aqui-
fers (Jelgersma et al., 1995; Pezeshki et al., 1990; Ranjan et al., 2006; Robinson et al., 2009; Spiteri et al.,
2008). Numerous studies have experimentally demonstrated the significant effects of waves on subsurface
flow, especially in the saturated portion of beaches. Swash infiltration forms a water table mound beneath
the swash zone that marks a groundwater divide where water flows seaward on the sea side of the mound,
and landward on land side of the mound (Arnell & Reynard, 1996; Boufadel et al., 2007; Heiss et al., 2014).
Meanwhile, wave motions induce an onshore upward tilt in the mean sea level, which drives groundwater
recirculation from the lower end of the swash zone to the offshore wave breaking zone (Arnell & Reynard,
1996; Boufadel et al., 2007; Longuet-Higgins, 1983; Sous et al., 2013). Wave run-up and run-down on the
beachface also cause high-frequency water table oscillations with a pattern similar to that induced by tides.
The water table rises rapidly during the wave run-up and then falls more slowly following the wave run-
down (Boufadel et al., 2007; Heiss et al., 2014; Horn et al., 1999). The high-frequency fluctuations of the
water table are primarily due to two mechanisms: the pressure transmission through the saturated sedi-
ment and direct input of water through swash infiltration (Bruce, 1928; Horn, 2006; Johnson, 1967; Nielsen,
1999; Turner & Masselink, 1998).

A few field studies have been conducted to investigate the dynamics of flow and moisture movement
within the unsaturated portion of the swash zone. Atherton et al. (2001) investigated temporal evolution of
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water content within the uppermost portions of beach sediments in a mesotidal beach located on the
southwest coast of Anglesey, north-west Wales, UK. They observed that in the upper swash zone, the water
table started to rise when the run-up limit was still more than 15 m seaward of the measurement point and
below the water table elevation. As the water table rise was observed to coincide with a landward move-
ment of the water table exit point, Atherton et al. (2001) argued that the water table rising was most likely
due to the horizontal movement of pore water through the capillary fringe. However, the mechanisms of
pore water flow through the capillary fringe and corresponding vertical and horizontal pressure transmis-
sion have not been investigated. Heiss et al. (2014, 2015) investigated moisture dynamics beneath the
swash zone and infiltration across the unsaturated beachface at two sandy beaches at Cape Henlopen, DE,
USA. It was found that water content in the unsaturated region of the swash zone responded to wave run-
up and swash infiltration, with a rapid rise in water content followed by a slower decline. The width of the
infiltration zone was controlled by swash processes, and subaerial discharge was controlled primarily by
tidal stage. These results indicated significant effects of individual waves on swash zone moisture dynamics,
and consequently raised questions about how individual waves affect pore water flow pathways and associ-
ated transport processes beneath the swash zone. However, these observations were limited to two geolog-
ically similar beaches, precluding insights into how processes vary under different geologic and hydrologic
conditions.

In the last two decades, numerical modeling has also been widely used to reveal swash zone dynamics. The
major challenge of simulating waves and subsurface flow at the swash time scale is the high computational
cost. For instance, to fully capture wave propagation and breaking along the beachface, the temporal and
spatial resolutions used for Computational Fluid Dynamics (CFD) need to be on the order of milliseconds
and millimeters, respectively. Therefore, two approaches were developed to upscale groundwater flow in
beach aquifers under the influence of waves. Xin et al. (2010) developed a phase-averaged approach by
using the mean water level as a seaward boundary condition. This approach has been used by various stud-
ies to simulate and reveal wave effects on coastal groundwater flow and solute transport processes (Robin-
son et al., 2014; Xin et al., 2014, 2015). Geng & Boufadel (2015c) developed a temporal upscaling approach
labeled ‘‘net inflow.’’ In that approach, spatially different infiltration rates along the beachface averaged
over several wave periods were adopted as inflow boundary conditions. The modeling approach was vali-
dated against experimental data of water table elevation and tracer concentrations measured in a labora-
tory beach subjected to waves and tides. Although these approaches significantly improved computational
efficiency, only the upscaled, or average, effects of wave swash (i.e., wave setup) on coastal groundwater
systems were retained. These approaches are unable to capture moisture dynamics in the swash zone
forced by wave swash.

Wave-resolving models have been developed, but they have only been applied in limited settings. Geng
et al. (2014) conducted a numerical study that was based on tracer experiments in a laboratory beach con-
ducted by Boufadel et al. (2007). Geng et al. (2014) used a phase-resolving approach to investigate the
effects of waves on groundwater flow and the transport of terrestrially derived solutes in beach aquifers.
The modeling results matched the water table and salt concentrations measured at numerous locations of
the beach. However, in the studies of Boufadel et al. (2007) and Geng et al. (2014), the swash zone exam-
ined in the laboratory experiments was only �30 cm long, and the experiments relied on a tracer applica-
tion on the beach surface to investigate the transport of dissolved nutrients in the beach due to waves.
Therefore, the results do not fully represent flow and moisture dynamics in response to waves in natural
beach systems, highlighting the need to implement, and test this model in field settings.

Despite the difficulty in simulation, high-frequency flow and moisture dynamics forced by wave swash are
important for understanding aspects of beach aquifer systems such as subsurface geochemical conditions,
particulate transport, chemical fate, surface evaporation dynamics, and aeolian sediment transport (Geng
et al., 2015, 2016b; Huettel et al., 1996; Kim et al., 2017; Malott et al., 2017; Molnar et al., 2015; Nickling &
Davidson-Arnott, 1990; Wu et al., 2017). Wave swash strongly controls the flux of water into beach aquifers,
as well as flow paths, residence times, and mixing of various chemical species beneath the swash zone
(Geng et al., 2014; Malott et al., 2016; Robinson et al., 2014; Xin et al., 2010). Moisture content is also an
important control on the transport of particulates through the beach, which may be important carbon sour-
ces for biogeochemical cycling (Huettel et al., 1996; Kim et al., 2017; Malott et al., 2017). Further, variations
in hydrogeological conditions such as beach aquifer permeability and capillarity also alter the wave-
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Figure 1. (a) Location of the studied beach at Herring Point, Cape Henlopen, DE (38845051.800N, 75804054.000W) along with
a photograph showing the sampling transect; (b) cross-sectional schematic of transect instrumentation. (c) schematic of
the simulated domain. Six pressure transducers (P1–P6) were installed to measure subsurface pressure change. About 25
moisture sensors were installed at five vertical (M1–M5) arrays to monitor moisture variation. Each vertical array included
five moisture sensors installed at depths of 2, 6, 10, 14, and 18 cm below the beach surface, respectively. Three pressure
transducers (S1–S3) were installed at the beach surface to monitor wave-induced pressure oscillation at the beachface.
The elevation is relative to mean sea level (MSL). In the simulated domain, the pressure oscillations measured at S1–S3
were interpolated and used as the surface boundary condition. The pressure fluctuations measured at P6 and P1 were
used as landward and seaward boundary conditions, respectively. Zero flux and mass transport were assigned at the bot-
tom of the domain.
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induced seawater infiltration and further affect the patterns of subsurface flow and moisture content in the
swash zone, but the influence of these factors on swash zone moisture and flow dynamics has not been
assessed.

The objectives of this paper are to (1) conduct numerical simulations supported by high-frequency field
data to investigate the effects of individual swash motions on unsaturated zone pore pressure, moisture,
and flow dynamics in real beach systems, and (2) test effects of various beach properties (e.g., permeability
and capillarity) on processes.

The layout of the paper is as follows: First, a numerical model was used to simulate dynamics of subsurface
flow and moisture response to individual waves in the swash zone of a sandy beach located on Cape Hen-
lopen, DE. The simulation results are compared to the field data measured in Heiss et al. (2015). Then
swash-induced pore pressure transmission, spatial and temporal moisture variation, subsurface flow path-
ways, seawater infiltration, and particle transport are quantified. Finally, a numerical sensitivity analysis is
presented, across different hydraulic conductivity values and characteristic pore sizes (i.e., capillary fringe
properties) to test how beach properties affect these processes.

2. Methods

2.1 Field Measurements
The field experiment was conducted on 27 June 2013 at a sandy beach located at Herring Point, Cape Hen-
lopen, DE (Figures 1a and 1b). The intertidal zone was composed of medium sand with a median grain size
of 0.39 mm. Tides were semidiurnal with a mean tidal range of 1.4 m (NOAA tidal station 8557830, Lewes,
DE). Offshore significant wave height and period observed during the experiment were 0.89 m and 8.7 s
(National Data Buoy Center Station 44009). A transect was deployed in the supratidal zone of the beach,
which extended from 3.5 to 6.0 m landward of the high tide mark. Six instrument arrays were installed
along the transect. Moisture sensors (Decagon Device EC-5) were installed in each vertical array at depths of

2, 6, 10, 14, and 18 cm below the beach surface to monitor temporal
evolution of water content in response to waves (labeled as M1–M5
for each instrument array, shown in Figure 1b). A pressure transducer
(Druck PTX 1835 or Druck PTX 1830) labeled as P1–P6 was placed at
each array in the saturated zone to measure pore pressure. Three
pressure transducers labeled as S1–S3 were placed at the sand sur-
face to monitor swash depth along the beachface. Measurements
were conducted between 5 and 16 Hz depending on the sensors for
8 h starting from the rising tide to the following ebb tide. Further
details of the field measurements can be found in Heiss et al. (2015).

2.2. Numerical Modeling
A 2-D density-dependent variably saturated groundwater flow and
solute transport model MARUN was used to simulate subsurface

Table 1
Model Parameter Values Used in the Numerical Simulation

Symbol (units) Definition Values

a (m21) Characteristic pore-size parameter of the van Genuchten (1980) model 5.0
n Sand grain-size distribution parameter of the van Genuchten (1980) model 7.9
K0 (m/s) Saturated freshwater hydraulic conductivity 2.4 3 1024

aL (cm) Longitudinal dispersivity 4.0
aT (cm) Transverse dispersivity 0.4
E (Lg21) Fitting parameter of density concentration relationship 7.44 3 1024

S0 (m21) Specific storage 1025

Sr Residual soil saturation 0.10
U Porosity 0.37
CONVP The convergence criterion of pressure head in the Picard iterative scheme of MARUN code 1025

sDm Product of tortuosity and diffusion coefficient 1029

Table 2
Characteristics of the Numerical Experiments

Case

Hydraulic
conductivity,

K0 (m/s)
Capillary

fringea, 1/a (cm)

1 2.4 3 1024 20.0
2 1.0 3 1024 20.0
3 5.0 3 1024 20.0
4 2.4 3 1024 5.0
5 2.4 3 1024 50.0

aThe height of capillary fringe was estimated by the inverse
of parameter a.

Water Resources Research 10.1002/2017WR021248

GENG ET AL. SWASH ZONE WATER AND MOISTURE DYNAMICS 10,320



water flow in coastal beach aquifers subjected to waves and tides (Boufadel, 2000; Boufadel et al., 1999).
The MARUN model has been validated and used extensively in our previous studies on beach hydrodynam-
ics (Geng & Boufadel, 2015a; Geng et al., 2016b; Guo et al., 2010; Li & Boufadel, 2010). The model repre-
sented a 2-D cross-section of a beach aquifer, which was 250 cm long and 600 cm deep, and had a 17%
slope (Figure 1c), spanning from the most landward instrument array to the seaward one. The domain was
discretized using a mesh consisting of 50 nodes in the horizontal direction and 111 nodes in the vertical
direction, resulting in a total of 5,550 nodes, and 10,780 triangular elements. The mesh resolution was
�5 cm in the horizontal direction. In vertical direction, the mesh resolution was �2 cm above the elevation
of z 5 0.0 m, and �10 cm below it. The water table observed from the most landward and seaward pressure
transducers (i.e., P6 and P1, respectively) was assigned as the landward and seaward boundary conditions
for flow, respectively. The pressure data recorded by the surface pressure transducers were interpolated at

Figure 2. Swash-induced pressure oscillation measured at the beach surface by pressure transducers (a) S1, (b) S2, and
(c) S3, installed at x 5 245, 208, and 0.0 cm, respectively.
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each surface node and used to implement the beachface boundary:
for the nodes where the interpolated pressure was more than 2 mm
(i.e., the hydraulic head is greater than the elevation of the nodes by
more than 2 mm), an inundated boundary condition (i.e., Dirichlet
boundary condition) was assigned; otherwise, a no-flow boundary
condition was assigned. A constant salinity of 5.0 g/L was assigned
as the landward transport boundary condition to represent ground-
water inflow. At the seaside, the model performed a check on the
direction of groundwater flow across the boundary. If groundwater
was flowing into the beach, a Dirichlet boundary condition was
assigned with seawater concentration (35.0 g/L). If groundwater was
discharging, then a Neumann boundary, @c

@n 50, was assigned, repre-
senting an outflow boundary condition where water leaves the
porous domain without change in concentration.

The MARUN model was first run for approximately 10 days only with
tidal forcing until hydraulic heads and concentrations reached
quasi-steady state. Simulated pore pressures and salt distributions
were then used as initial conditions to simulate swash-induced
groundwater flow and salt transport. The time steps used for the
simulations were automatically adjusted by the model to ensure
that the grid Courant number was less than 1.0 (Dt� 0.05 s). For the
base case (Case 1), the parameter values used for the simulation
were summarized in Table 1. The saturated hydraulic conductivity
was estimated at 2.4 3 1024 m/s based on the grain size analysis
using the Kozeny-Carman equation (Bobo et al., 2012). The height of
the capillary fringe was estimated at �20 cm based on the field
observations (Heiss et al., 2015). The estimation value used in the
MARUN model allowed close matching of measurements of pore

pressure and moisture in the field (discussed below). In addition to the base case (Case 1, Table 2), four sim-
ulations (Cases 2–5, Table 2) were performed to examine the effects of hydraulic conductivity and beach
capillarity on wave-induced water flow and moisture movement in the swash zone. Different values of
hydraulic conductivity (K) and characteristic pore size (a) were adopted in the simulations. Note that the
inverse of a was used to represent an estimate of the thickness of the capillary fringe, which has been
widely used in our previous studies (Boufadel et al., 1998; Geng & Boufadel, 2015b; Geng et al., 2016a).

3. Results and Discussion

3.1. Temporal Evolution of Pressure and Moisture Due to Waves
Individual waves induced high-frequency pressure fluctuations at the beach surface, which led to significant
vertical and horizontal pore pressure transmission beneath the swash zone. The resulting pressure gradient
drove seawater into the beach and subsequently elevated the swash zone moisture content. As shown in
Figure 2, waves induced significant pressure fluctuations within the swash zone surface, with high-
frequency pressure fluctuations at all three sensor locations that reflect individual swash events. The ampli-
tude of the pressure fluctuation gradually increased with time, reaching a peak between time t 5 3 h and
4 h, and then gradually decreasing. The pressure fluctuations at the most landward sensor (i.e., pressure
transducer S3) exhibited a smaller amplitude, lower-frequency and about a 1 h delay in comparison to those
observed at the seaward sensors (i.e., pressure transducers S1 and S2). As the tide rose, the swash zone
moved up the beachface, inducing the pore-pressure fluctuations at the inundated portion of the beach.
During the subsequent falling tide, the fluctuations of the pressure became attenuated as swash motions
gradually receded seaward. Figure 3 shows the vertical profiles of pressure oscillations over a wave cycle at
t 5 2.5 h at the horizontal locations of P1–P6. Note that the oscillations were presented as the percentage of
the pressure oscillations at the beachface. At landward locations (e.g., P5 and P6), the pore pressure oscilla-
tions sharply damped to zero at 20 cm below the beachface. In contrast, at the same depth, the pressure
oscillations were only damped to 60% and 25% at the horizontal locations of P2 and P3, respectively. The

Figure 3. Vertical profiles of pressure oscillations over a wave cycle at t 5 2.5 h
at the horizontal locations of P1–P6. The pressure oscillations are presented as
the percentage of the oscillation at the beachface. The circle symbols denote
the groundwater table at each horizontal location.
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least amount pressure oscillations were shown at location P3, which is most likely due to the fact that at
t 5 2.5 h the water table mound was formed near the horizontal location of P3, which significantly elevated
the moisture content, which attenuated pressure damping at that location. The transmission of pressure
oscillations was observed through the capillary fringe, and in particular, at the horizontal locations P5 and
P6, where it extended approximately 15 cm above the groundwater table. The results indicate that as wave
motions acted on the beach surface, the relatively thick unsaturated zone with low moisture content signifi-
cantly buffered the pressure oscillation transmitted from the beachface. Thus, the magnitude of the pres-
sure fluctuation on the swash time scale was dependent on the moisture conditions. This phenomenon
indicates that the buffering effect was more apparent at the landward side due to the thicker unsaturated
zone with lower moisture content there.

Compared to tide, swash motions had negligible effects on the deeper saturated pore pressure (i.e., positive
pressure). Simulated and observed hydraulic head at various locations in the beach is shown in Figures 4a–
4f. The MARUN model prediction agreed well with the pressure measurements for the amplitude of fluctua-
tions due to both waves and tides. The model slightly overestimated the absolute pore pressure measured

Figure 4. Observed and simulated total head at (a)–(f) pressure transducers P1–P6. Observed tide level is shown as
dashed black line. Figure 4b was zoomed in to demonstrate the match of the high-frequency pressure fluctuations.
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at sensors P3–P5. This was likely due to the arbitrary assumption of the landward boundary condition for
the first 2 h of the simulation. A constant water table was assumed because the pore pressure could not be
measured at the most landward sensor P6 in the first 2 h of the experiment, until the water table rose above
the sensor. This may have caused a discrepancy between observations and simulations, especially for the

Figure 5. Observed and simulated moisture variation at top and bottom moisture sensors of each vertical array (M1–M5).
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sensors located close to the landward boundary (e.g., P3-–P5). The results show that pore pressure in the
saturated zone responded primarily to the tide rather than to individual swash events (Figure 4). Pore pres-
sure fluctuated typically 90 cm over the tidal cycle and only 15 cm at the swash time scale.

The moisture conditions beneath the swash zone were significantly elevated by swash motions. Observed
and simulated moisture variations at the top and bottom sensors of each vertical array are shown in Figure
5. The results at the middle sensors are shown in supporting information Figure S1. For brevity, the paper
discusses the moisture measured only at the top and bottom sensors of each vertical array. The numerical
simulation generally captured the measured temporal evolution of moisture at all sensor locations. The mis-
match between simulations and observations was in general present when the moisture content had rapid
fluctuations in response to the swash motions. It is likely due to the fact that the moisture sensor measure-
ment interval (0.2 s) was greater than the both the simulation time step (0.05 s) and the measurement inter-
val of the surface pressure transducers (0.0625 s). Also, the equilibration time required for the moisture
measurements may be somewhat greater than the measurement interval, which would result in a dampen-
ing of higher-frequency fluctuations. Therefore, it is possible that the sensors missed the moisture change
occurring more rapidly than 5 Hz, which was captured by the simulations. In addition, sediment accretion of
several centimeters was observed over the course of the experiments. This resulted in sensor depths which
were somewhat variable with time. Because the moisture response varies strongly with depth, the mis-
match could be due to an incorrect sensor depth. Supporting information Figure S2 shows the simulated
moisture content 5.0 cm deeper than that of the sensors measured before the experiment started. A some-
what better match between the observations and simulations supports the possibility that the mismatch is
partially due to sediment accretion. In agreement with the measurements, simulated moisture in the

Figure 6. Simulated moisture content at different times in a tidal cycle (time t 5 1.5, 2.0, 2.5, 4.0, 5.0, and 6.5 h). The white-dashed line denotes groundwater table.
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unsaturated zone of the beach significantly increased when large swash events overtopped the measure-
ment locations, and the sediment became saturated once the swash zone moved far enough landward that
swash events frequently overtopped the measurement locations. For instance, the moisture at the M1 bot-
tom sensor increased from 0.1 to 1.0 (i.e., fully saturated) between time t 5 1.5 and 2 h when large swash
events started to occur on the surface. The rapid fluctuations and subsequent saturation were due to the
swash-induced seawater infiltration through the beach surface. Moisture content increased first at the sea-
ward end of the transect close to the beach surface and the area of elevated moisture content gradually
expanded landward and downward. The moisture near the beach surface demonstrated high-frequency
fluctuations due to individual wave run-up and run-down, which was rarely observed in the deeper unsatu-
rated zone (e.g., at M2 top and bottom moisture sensor locations, shown in Figures 5c and 5d, respectively).
Water content close to the beach surface (e.g., 2 cm below the surface) increased during wave run-up and

Figure 7. Simulated transient streamlines of pore water flow in the beach at time (a) t 5 2.0 h, (b) t 5 3.0 h, (c) t 5 4.0 h,
and (d) t 5 7.0 h. Tidal fluctuations are provided in Figure 6e. The time points selected for the transient streamlines are
marked as circle symbols in Figure 6e.
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slowly declined following wave run-down. The results indicate that
the response of subsurface moisture to swash motions at the beach
surface was very dynamic and varied significantly over short distan-
ces. Within the unsaturated zone of the beach, swash events led to
seawater infiltration, which controlled moisture conditions beneath
the swash zone.

The effects of swash motions on the spatial distribution of subsurface
moisture conditions were also very dynamic. Figure 6 demonstrates
the simulated moisture content contours and pore water flow at vari-
ous times. As expected, due to the swash infiltration, the moisture
content in the shallow part of the unsaturated zone near the beach
surface significantly increased (t 5 1.5 h). The area of elevated mois-
ture content gradually expanded landward and downward as swash
events drove more seawater into the subsurface (t 5 2.0, 2.5, 4.0, and
5.0 h), which is consistent with the moisture results measured in Heiss
et al. (2014). The simulation results also indicate that the hydraulic gra-

dient associated with the water table mound caused significant landward flow through the capillary fringe.
Once the swash zone receded seaward of the instrument transect at t 5 6.5 h, significant vertical drainage
occurred in the unsaturated zone of the beach and the moisture content decreased. This was accompanied
by horizontal saturated flow toward the sea. The results indicate that swash motions were a major driving
force for water flow in the unsaturated zone of the beach.

Figure 8. Simulated flow paths (grey lines) of the particles released at 10 cm
below the beach surface with horizontal interval of 30 cm during the whole
swash period, along with time contour lines drawn as dashed lines.

Figure 9. Simulated moisture content at different time points (time t 5 1.5, 2.0, 2.5, 4.0, 5.0, and 6.5 h) for the case with K0 5 5.0 3 1024 m/s (i.e., Case 3). The
white-dashed line denotes groundwater table.
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3.2. Subsurface Flow Dynamics Response to Waves
Swash motions altered subsurface flow patterns, generating significant vertical and horizontal pore water
flow below the beachface. Figure 7 shows groundwater flow paths in the beach at various times in a tidal
cycle. Note that tidal fluctuations are shown in Figure 7e. Figure 7a indicates that at time t 5 2.0 h the pore
water within the saturated zone of the beach flowed landward due to the rising tide. Within the upper part
of the unsaturated zone, downward flow occurred due to seawater infiltration from the beachface. In the
lower part of the unsaturated zone, the pore water flowed landward through the capillary fringe due to
the hydraulic gradient generated by the water table mound beneath the swash zone. On the sea side of the
mound, pore water flowed seaward, consistent with field measurements of Heiss et al. (2014, 2015). The
model also predicted that the shallow, low-moisture portion (S � Sr) in the swash zone became wedge-
shaped and gradually shrunk landward as swash motions migrated up the beach. As shown in Figure 7a,
due to extremely low moisture content, pore water flow was significantly inhibited in that region. In con-
trast, significant flow was occurred in the swash-saturated region. This is consistent with the finding dis-
cussed above, that waves were a major driving force for the pore water to flow through the unsaturated
portion of the swash zone, as the increased moisture content due to swash allowed water to move more
quickly through that zone. The low-moisture zone disappeared at t 5 3 h when swash-induced infiltration
and tidal rise increased the water table elevation and moisture content in the whole domain (Figure 7b).
Consequently, groundwater flow paths diverged as large swash events contributed seawater into the sub-
surface. Similar streamlines were found in the subsurface at t 5 4 h (Figure 7c). Once the tide and swash
zone receded seaward of the model domain at t 5 7 h, pore water gradually drained from the upper beach
and discharged seaward along the groundwater pathways (Figure 7d). The results indicate that the pore
water flow in the unsaturated zone have a lagged response to swash. When swash motions initially
appeared on the beach, the unsaturated sediment pores needed to fill (e.g., S » Sr) before water could flow
markedly through the pores. Similarly, significant downward flow of residual groundwater through the
unsaturated zone still occurred for drainage after the swash zone had receded seaward (Figure 7d).

Figure 10. Simulated transient streamlines for subsurface water flow in the beach at time (a) t 5 2.0 h, (b) t 5 3.0 h,
(c) t 5 4.0 h, and (d) t 5 7.0 h for the case with K0 5 5.0 3 1024 m/s (i.e., Case 3).

Water Resources Research 10.1002/2017WR021248

GENG ET AL. SWASH ZONE WATER AND MOISTURE DYNAMICS 10,328



Particle tracking was conducted to further reveal the flow paths and
associated transit times in the beach during the observed swash
period, which is reported in Figure 8. The neutrally buoyant particles
were released 10 cm below the beach surface at the initial time
(t 5 0), and the simulated transient velocity field was used for check-
ing the particle locations at each time step. The results show that
the particles released at different locations in the beach exhibited
markedly different trajectories. The particles released at the land-
ward locations between x 5 10 cm and x 5 90 cm migrated land-
ward, while the particles released at the seaward locations between
x 5 150 cm and x 5 230 cm migrated seaward. The downward
motion was largest at around x 5 100 cm. The trajectories of the
released particles highlighted the divergent flow path generated by
the water table mound. However, all particles initially migrated verti-
cally once the beach surface above the particle became inundated
by swash. This is consistent with the results shown in Figure 7, which
demonstrate that vertical downward flow dominated in the shallow
unsaturated zone. In addition, the movement of the particles was
faster within the first 3 h when swash motions started to act on the
beach surface. This indicates that once swash-induced seawater infil-
tration increased the moisture content in the shallow unsaturated
zone, it generated significant downward flow. It caused the particles
to migrate faster in the shallow part of the beach than in the deep
saturated zone.

3.3. Effects of Hydraulic Conductivity
Beach hydraulic conductivity substantially affected both the mois-
ture distributions and the formation of the water table mound

beneath the swash zone. Cases 1–3 were simulated with different K0 values (2.4 3 1024, 1.0 3 1024, and 5
3 1024 m/s). The temporal evolution of moisture content at various times for Case 3 (K0 5 5 3 1024 m/s) is
shown in Figure 9; Case 2 is shown in supporting information Figures S3. Compared to Case 1 (K0 5 2.4 3

1024 m/s, Figure 6), Case 4 shows that the region of higher water content in the shallow unsaturated zone
expanded landward more rapidly. In particular, at t 5 2.0 h, the expansion of the high moisture wedge
reached the horizontal location of x 5 60 cm, while for the base Case, it extended to x 5 120 cm. This is
because higher hydraulic conductivity induced greater infiltration, which drove more seawater to the sub-

surface and allowed for higher flow rates. Therefore, the swash-
induced high moisture wedge would expand faster in more perme-
able beaches. The hydraulic conductivity also affected the water
table mound. During the swash period, the mound was flatter for
the cases with higher hydraulic conductivity (e.g., Case 3). This is as
expected because swash-induced seawater infiltration would be
redistributed more quickly in higher hydraulic conductivity beaches.
Therefore, it attenuated the accumulation of the seawater infiltration
beneath the swash zone and resulted in a flatter water table mound.

Beach hydraulic conductivity also modified subsurface flow pathways
in the swash zone. Figure 10 shows the transient streamlines for Case
3 (K0 5 5.0 3 1024 m/s); Case 2 is shown in supporting information
Figure S4. Compared to the Case 1 (K0 5 2.4 3 1024 m/s, Figure 7a),
at t 5 2.0 h, a higher hydraulic conductivity (e.g., Case 3, K0 5 5.0 3

1024 m/s) allowed the downward streamlines to extend approxi-
mately 50 cm deeper into the beach. The results indicate that swash
motions had deeper impacts on subsurface flow paths in higher
hydraulic conductivity beaches, which is most likely due to the higher
infiltration rate. Higher hydraulic conductivity facilitated groundwater

Figure 11. (a) Spatial distribution of wave-induced seawater infiltration along
the beachface for the cases with different K values (i.e., Cases 1–3); (b) total sea-
water infiltration into the portion of the beach between x 5 0 and 250 cm dur-
ing the studied period induced by swash motions for Cases 1–3.

Figure 12. Simulated flow paths (grey lines) of the particles released at 10 cm
below the beach surface with horizontal interval of 30 cm during the whole
swash period for the cases with different values of K0 (K0 5 5 3 1024 m/s and
2.4 3 1024 m/s, Cases 3 and 1).
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movement through the beach and thereby helped the swash-induced seawater infiltration discharge from
the beach more rapidly. At t 5 7.0 h for Case 1, significant wave-induced downward movement of water could
still be observed below the water table after the swash zone had moved seaward of the model domain
(shown in Figure 7d). In contrast, for the high-K cases (e.g., Case 3), downward flow only occurred in the unsat-
urated zone; in the saturated zone, flow was mainly driven by the tide, indicating the swash effects almost dis-
appeared from the model domain within 7 h.

High hydraulic conductivity significantly enhanced the seawater infiltration into the beach due to swash
motions. Figure 11a shows the spatial distribution of seawater infiltration along the beach surface during
the simulated period for the cases with different K values (i.e., Cases 1–3). As expected, with a high hydraulic
conductivity value (Case 3), waves drove more seawater into the beach. In addition, for the high-K cases,
two infiltration humps were observed at the seaward (x 5 245 cm) and landward (x 5 60 cm) sides of the
swash zone. This is probably because the water table mound that formed in the midswash zone attenuated
the seawater infiltration there, and resulted in two infiltration humps at the upper and lower portions of the
swash zone. The highest infiltration rate occurred at the lower portion of the swash zone (x 5 245 cm),
which is probably because this location was exposed to waves for the longest period of time. Note that the
groundwater discharge zone was farther seaward of the studied domain. Figure 11b shows the total seawa-
ter infiltration into the simulated portion of the beach during the observed period. The total infiltration over
the simulation increased from 7.5 to 27.8 m3/m when the hydraulic conductivity of the beach changed
from 1 3 1024 to 5.0 3 1024 m/s. It indicates significant impacts of the beach hydraulic conductivity on the
seawater infiltration rate induced by waves.

Figure 13. Simulated moisture content at different time points (time t 5 1.5, 2.0, 2.5, 4.0, 5.0, and 6.5 h) for the case with capillary fringe Hcf 5 50 cm (i.e., Case 5).
The white-dashed line denotes groundwater table.
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The value of the saturated hydraulic conductivity also significantly affected trajectories and transit time of
the particles released near the beach surface. Particle tracking was conducted for Case 3 to further evaluate
the effects of hydraulic conductivity on the flow pathways and associated transit time in the beach swash
zone. The simulated trajectory and transit times of the released particles for Cases 1 and 3 are shown in Fig-
ure 12. The particles released at x 5 30 and 60 cm exhibited generally similar trajectories for both cases, but
Case 3 had shorter transit times, which is understandable as the transit time is inversely proportional to the
hydraulic conductivity. The higher hydraulic conductivity (Case 3) resulted also in different pathways for the
particles; particles released at x 5 90 cm migrated further landward and downward, and reached the land-
ward boundary of the domain, in comparison to Case 1. Also, particles released at x 5 120 and 150 cm
migrated farther downward, and the particles released at x 5 180 and 210 cm exhibited further movements
in both downward and seaward directions. The major difference in the particle trajectory between Cases 1
and 3 appeared between t 5 2 and 3 h, which coincided with the period that the water table mound was
generated in the beach. The results indicate that high hydraulic conductivity accelerated the landward and
seaward movements of the particles induced by the formation of water table mound and associated
mounded capillary fringe beneath the swash zone, which significantly reduced the residence time of the
particles in the swash zone.

3.4. Effects of Capillarity
A thicker capillary fringe retained higher moisture content near the beach surface. It reduced the overall
moisture change beneath the swash zone and greatly diminished swash-induced infiltration. Cases 1, 4, and
5 were simulated with different characteristic pore sizes a 5 0.05, 0.2, and 0.02 cm21, representing the capil-
lary height Hcf 5 20, 5, and 50 cm, respectively. Figure 13 shows the temporal evolution of moisture content
for Case 5 (Hcf 5 50 cm); Case 4 is shown in supporting information Figure S5. In particular, for Case 5, the
low-moisture zone (S � Sr) was only observed within the top 100 cm, below which the aquifer was almost
saturated. As shown in Figure 13, for Case 5, the water table mound was not clearly observed during the
whole swash period. This is most likely because the greater moisture content near the beach surface

Figure 14. Simulated transient streamlines for subsurface water flow in the beach at time (a) t 5 2.0 h, (b) t 5 3.0 h, (c)
t 5 4.0 h, and (d) t 5 7.0 h for the case with capillary fringe Hcf 5 50 cm (i.e., Case 5).
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inhibited swash-induced seawater infiltration, which reduced
amount of seawater accumulating in the beach to form the water
table mound.

Although a thicker capillary fringe attenuated swash effects on pore
water flow in the unsaturated zone of the beach (Figure 14), it strength-
ened tidal effects on the supratidal zone and enhanced the movement
of the pore water flow driven by a larger-scale hydraulic gradient. Fig-
ure 14 shows the simulated transient streamlines for Case 5
(Hcf 5 50 cm); Case 4 is shown in supporting information Figure S6. The
results show that at t 5 2.0 h, with a thicker capillary fringe (e.g., Case
5), almost all the streamlines ended at the landward boundary of the
domain, indicating landward horizontal flow at that time in both satu-
rated and unsaturated zones of the beach. This is most likely due to
greater moisture content in the unsaturated zone of the beach, which
facilitated horizontal flow, but attenuated swash-induced vertical sea-
water infiltration. At t 5 3.0 and 4.0 h, the streamlines were similar for
the capillary cases (Cases 1, 4, and 5, Figures 7 and 14, supporting infor-
mation Figure S5). Wave-induced seawater infiltration saturated the
beach, and the water flow beneath the swash zone was driven down-
ward by the swash-induced pressure oscillations at the beach surface.
Note that major swash motions occurred on the surface between t 5 3
and 4 h (Figure 3). Capillarity significantly affected the pore water flow
even after swash receded down the beach. At t 5 7.0 h, with a thicker
capillary fringe, the pore water flowed more horizontally seaward
through both the saturated and unsaturated zone driven by the large-
scale hydraulic gradient induced by tides.

A thick capillary fringe reduced seawater infiltration induced by indi-
vidual waves. Figure 15a shows spatial distribution of the seawater
infiltration along the beach surface during the studied period for the

Hcf cases (i.e., Cases 1, 4, and 5). For Case 5, with the thickest capillary fringe, waves induced the least
amount of seawater infiltrating into the beach. The seawater infiltration demonstrated a similar spatial dis-
tribution along the beach surface for Cases 1 and 4 (Hcf 5 20 and 5 cm, respectively). The results indicate
that a thick capillary fringe retained high moisture content near the beach surface, which impeded the
wave-induced seawater infiltration into the beach. In addition, as the capillary fringe became very thin (e.g.,
below 20 cm in this paper, Cases 1 and 4), it seemed to have negligible effects on wave-induced seawater

infiltration. This is consistent with the results of the simulated total
seawater infiltration induced by waves during the studied period
(Figure 15b). The total volume of infiltration was 15.3, 15.6, and
13.1 m3/m for Cases 1, 4, and 5, respectively.

Capillarity impeded wave-driven unsaturated flow beneath the swash
zone. It significantly altered trajectories and transit time of the par-
ticles released near the beach surface. Figure 16 shows that for
Case 5, the horizontal movement of the particles was observed before
waves approached the portion of the beach investigated (i.e., time
t< 2 h). This is consistent with our finding (shown in Figure 14) that a
thicker capillary fringe induced more-horizontal subsurface flow. The
thick capillary fringe significantly impeded the movement of the par-
ticles at the swash-dominated region between x 5 50 cm and
x 5 200 cm. During the swash cycles, due to less seawater infiltration,
the particles exhibited less downward movement for Case 5, approxi-
mately 15 cm shallower than that for Case 1. Meanwhile, although a
thicker capillary fringe maintained higher hydraulic conductivity in
the unsaturated zone, the particles exhibited similar or less horizontal

Figure 15. (a) Spatial distribution of wave-induced seawater infiltration along
the beachface for the cases with different capillary fringe (i.e., Cases 1, 4,
and 5); (b) Total seawater infiltration into the portion of the beach between
x 5 0 and 250 cm during the studied period induced by swash motions for
Cases 1, 4, and 5.

Figure 16. Simulated flow paths (grey lines) of the particles released at 10 cm
below the beach surface with horizontal interval of 30 cm during the whole
swash period for the cases with different values of Hcf (Hcf 5 20 and 50 cm,
Cases 1 and 5).
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movement for high capillary cases (e.g., Case 5), except for the first hour. This is most likely due to the fact
that with larger infiltration rate, for Case 1, the particles passed through the unsaturated zone rapidly and
moved into the saturated zone of the beach, while for Case 5, due to reduced seawater infiltration, the par-
ticles remained primarily in the unsaturated zone of the beach, which increased the residence time of the par-
ticles in the swash zone.

4. Conclusions

In this paper, a combined field and numerical study was performed to reveal subsurface pore water flow
and moisture dynamics in response to swash on a sandy beach located at Herring Point, Cape Henlopen,
DE. A density-dependent variably saturated flow model MARUN was used to simulate subsurface flow
beneath the swash zone. The simulation results agreed reasonably well with the field measurements of
moisture and saturated pressure. It was found that swash-induced infiltration initially filled the unsaturated
pores near the beach surface, and then drove the pore water to flow farther downward. It resulted in a high
moisture wedge and water table mound formed beneath the swash zone. The resulting hydraulic gradient
drove the pore water to flow landward through the capillary fringe.

The saturated hydraulic conductivity and capillary fringe greatly affected swash-induced groundwater flow
pathways and associated transit times. High saturated hydraulic conductivity enhanced swash-induced seawa-
ter infiltration into the beach, and resulted in a faster expansion of the high moisture wedge induced by
swash cycles, and a flatter water table mound beneath the swash zone. Therefore, there was a more rapid
and deep response to swash motions in the beach with higher hydraulic conductivity. Particle-tracking results
indicated that high hydraulic conductivity accelerated the landward and seaward movement of water result-
ing from the formation of a water table mound and associated mounded capillary fringe beneath the swash
zone. It significantly reduced the residence time of water in beach aquifer. In contrast, a thick capillary fringe
retained higher moisture content near the beach surface, and significantly reduced the pore space available
for infiltration of seawater, and therefore attenuated wave effects on pore water flow in the unsaturated zone
of the beach. Conversely, the greater moisture content, strengthened the horizontal flow in the supratidal
unsaturated zone of the beach, which was driven by the larger-scale hydraulic gradient as a result of tides.
However, as tides had less effect on moisture variation in the supratidal zone compared to waves, a relatively
thick capillary fringe diminished wave-induced seawater infiltration into the beach and reduced hydraulic
exchange in the swash zone. Therefore, it increased the transit time of water beneath the swash zone.

Previous numerical investigations of aquifer dynamics caused by waves have utilized less computationally
intensive phased-averaged or flow-averaged approaches in which individual wave effects on swash zone
dynamics were not resolved. Our field and modeling results provide insight into the complex dynamics of
subsurface pore pressure, flow, and moisture content under the influence of individual waves, which have
important implications for geochemical conditions in intertidal aquifers and aeolian sediment transport. The
results also reveal significant horizontal and vertical transport of the pore pressure, moisture, and water flow
beneath the swash zone, and substantial effects of beach properties such as hydraulic conductivity and cap-
illarity on aquifer-swash interactions. It highlights the need to consider individual swash motions and beach
properties in studies of pore water flow, transport, and geochemistry in beach aquifers in which processes
of interest are affected by high-frequency moisture and flow fluctuations.
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