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Abstract

Field observations were conducted in the swash zone at a dissipative barred beach in Japan to investigate the
characteristics of the water content in the sand layer and its relationship with bed level change. The datasets were
separated into four sections based on the process of water content change during tidal motion. Regarding the
correlation characteristics between the tide and water content of the upper sand layer, the correlations were
negative in Section 1 where the water content was low and constant and positive in Sections 2 where water
content increased rapidly and 4 where the water content decreased. In Section 3 where the water content
remained constant and at a high value, no relationship was observed between the two. Moreover, the factors that
caused the bed-level changes in Sections 2 and 3 were examined. The results revealed that in Section 2, the
ground level fluctuated owing to the initial ground level and wave energy flux, in addition to the change in water
content. In Section 3, the ground level was affected by the wave energy flux and the initial ground level.
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1 Introduction

Many studies have been conducted on topographic changes within and around surf and swash zones. In
nearshore areas, a large amount of sediment is transported in the surf zone, resulting in frequent profile changes.
Sediment transport in the swash zone is complicated because the water content in the sand changes due to waves
and weather conditions. Moreover, the groundwater table also affects soil moisture (e.g., Brakenhoff et al., 2019;
Smit et al., 2019), sediment transport in the swash zone and in the foreshore or backshore areas, and aeolian
sediment transport (e.g., Bauer et al., 2009; Strypsteen and Rauwoens, 2023).

The variation in water content has been investigated as the water infiltrates after rundown and as the tide
changes. Turner (1993) showed that when the rate of run-up infiltration exceeded the rate of interstitial air
expulsion, the striking phenomenon of the water table rose through a zone of unsaturated sand. Heiss et al. (2014,
2015) evaluated wave swash-induced infiltration and the associated flow dynamics in the unsaturated region of
two sandy beach aquifers with different wave conditions and beach morphologies. From a geotechnical
perspective, Sassa and Watabe (2007) presented and discussed the role of the dynamics of suction, that is,
negative pore water pressure relative to atmospheric air pressure, in the evolution of intertidal sandy flats. Brilli
et al. (2024) discussed the relationships between in situ soil properties and direct erodibility measurements in the
context of morphological change. Furthermore, the relationships between habitat geophysical environmental
conditions and the diverse biological activities of species as well as the formation mechanism and conditions of
bubbly sand were discussed by Sassa and Yang (2023).

However, detailed observations and analyses of temporal variations in water content and bed elevation changes
during flood and ebb tides are limited. Therefore, in this study, we conducted field measurements of the water
content of the sand layer in the swash zone and ground elevation at the location using an ultrasonic distance
meter. Our analysis showed the correlation between the tide, water content, and water content gradient during
flood and ebb tides. Moreover, the small-scale (-10 cm to 5 cm) topographic changes during floods and high
tides are discussed.

2 Data Description and Method

2.1 Observation Site

Field observations were conducted on the Hasaki coast of Japan, facing the Pacific Ocean (Fig. 1a), at the Hasaki
Oceanographical Research Station (HORS) operated by the Port and Airport Research Institute (PARI). HORS is
a research facility for field measurements of various phenomena in the nearshore zone with a 427-m-long pier
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extending perpendicular to the shore and was used to take continuous measurements of the cross-shore beach
profile (Yanagishima and Katoh, 1990). In addition, the wave conditions were measured at two locations: at the
middle of the research pier in the surf zone, x = 145 m, at a water depth of approximately 2.63 m using an
ultrasonic gauge (UH-401, KENEK), and an offshore station, as shown in Fig. la. The offshore station is located
approximately 8 km from the HORS at a water depth of 24.6 m and provides continuous observations of the
wave height, period, and direction. Recorded offshore waves are available to the public and can be accessed on
the NOWPHAS website. The shoreline moves seaward and landward, depending on the season (Suzuki and
Kuriyama, 2014), and the outer bar moves periodically (Kuriyama, 2002). Despite these morphological changes
in the cross-shore direction, the alongshore profiles are nearly uniform (Kuriyama, 2002). The median sediment
diameter on the coast is 0.18 mm, although there is considerable variation in grain size depending on storm
conditions and cross-shore locations (Katoh and Yanagishima, 1995; Gunaratna et al. 2019).
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Figure 1. (a) Study site and location of the Hasaki Oceanographical Research Station (HORS) and detailed
bathymetry (Japan Oceanographic Data Center), (b) Measuring points of water content in the swash zone and
beach profiles during the experiments.
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Figure 2. (a) Location of the measuring point. (i) Site photo, and (ii) arrangement of water content meters. The
sensors from the upper layer to the bottom layer was used in the analysis. (b) Observed data from September 6 to
21, 2022. (i) Wave height, (ii)) wave period, (iii) wave energy flux, and (iv) tide. The red box indicates the
investigated period.

2.2 Observation Setup and Instrumentation

(1) Beach profile survey

Field observations were conducted from September 6 to 21, 2022. Beach profiles along the pier were measured
following the procedure established by Banno et al. (2020) using a 3 kg lead weight from above the pier and a
level and staff landward of the pier. Surveys were conducted three times, including the initial and final days of
the field experiment.

Figure 1b shows the changes in the beach profile during the experiment. At the start of the observation period
(September 6, 2022, indicated by the dashed line in Fig. 1b), an outer bar was present in the x = 275 m area. As
the observations continued, the wave conditions became accretive, and the sediments tended to move onshore.
Sediment deposition occurs in the inner bar area at approximately x = 50 m. The tide level observed at
NOWPHAS Kashima Port was converted to the datum level at the Hasaki coast (T.P. -0.687m). The high, mean,
and low water levels based on the datum level (D.L.) at the Hasaki coast (Tokyo Peil -0.687 m) were 1.25, 0.65,
and -0.20 m, respectively.

(2) Instrument array

A measuring point was selected in the swash zone where the ground was higher than the mean high tide level and
lower than the maximum wave run-up height during high tide, x = 10 m (Fig. 1b, right box, and Fig. 2a). The
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water content and bed levels were measured at this point. Water content meters (EC-5, METER) were placed
vertically at three points inside the sand layer, 5, 15, and 25 cm below the initial ground elevation, using a single
pipe (Fig. 2a), and a fourth water content meter was 5 cm above and was not used for this study. The initial
ground elevation of the measurement point was D.L., 2.02 m. An ultrasonic distance meter was installed on the
pier, and the bed level was measured at the same location as that of the measuring point.

2.3 Data Acquisition and Data Filtering

Wave data were obtained at two locations: the middle of the pier (x = 145 m) and offshore of the Port of
Kashima (NOWPHAS). The statistical values of the significant wave height and significant wave period were
calculated every hour using a 20-minute data sample (Suzuki et al., 2019). The wave conditions offshore of the
Port of Kashima were assumed to represent the wave conditions offshore of the pier based on a previous
numerical modeling study by Kuriyama (2012). The wave energy flux per unit length was calculated using the
wave data observed at x = 145 m.

Ele/g'ngszcg (1)
where p is the seawater density, g is the gravitational acceleration, and C, (= nCy) is the group velocity.

For observation, water content meters were installed in the swash zone. The data were recorded every minute and
then averaged over a five-minute period for use in the analysis. The elevation data were taken by the ultrasonic
sensor every 0.3 seconds; however, when waves were running up, such as during a high tide, the surface of the
water was measured. Therefore, the measured data were first averaged for 3 seconds, and then the largest value
for 5 minutes was determined as the bed level and converted to the datum level at the Hasaki coast (T.P. -
0.687m). Note that even during high tide, snapshots from the field camera confirmed that the bed surface was
recorded.

Regarding the wave run-up height, several wave run-up height equations have been proposed (e.g., Holman,
1986; Mase, 1989; Stockdon et al., 2006; Park and Cox, 2016). Kuriyama (2006) calculated the run-up height as
the average value of the empirical formula (Ministry of Transport, Port and Harbor Bureau, 1979) and Swart's
formula (Swart, 1974) and verified it using Hasaki field data. Therefore, the equation of Kuriyama (2006) was
used for the analysis.

2.3 Wave and Tidal Conditions

Figure 2b shows the time-series data of the significant wave heights and periods at the observation pier at x =
145 m and tide at NOWPHAS Kashima from September 6 to 21, 2022. The mean significant wave height and
period during the observation period and their standard deviations at the observation pier (x = 145 m) were 1.14
m (standard deviation 0.33 m) and 6.23 s (standard deviation 1.04 s), respectively. The maximum significant
wave height and wave period during the observation period were 1.85 m and 9.50 s, respectively.

3 Results

3.1 Water Contents and Ground Level Changes in the Swash Zone

The measured bed level and wave run-up height, calculated from the wave and topographic conditions with the
tide, are shown in Fig. 3a. During the observation period, a relatively high wave run-up occurred on the 8th and
13th—18th, and the bed level fluctuated within approximately 10 cm, together with the tidal motion. However, at
the end of the observation period, the water content meters were exposed due to erosion. Therefore, the data for
this analysis were collected from September 9 to 15, 2022, as shown by the red box in Fig. 3a, when the output
values stabilized after installing the equipment and before erosion.

Figure 3b(i) shows the time-series data of the water content at each ground depth from September 9 to 15, 2022.
The water content fluctuated with tidal motion (Fig. 3b(ii)), and the magnitude was largest in the upper layer
(black line) and decreased with depth. The water content rapidly increased with the flood tide and the value
remained constant depending on the installed depth. However, during the ebb tide, the water content values
dropped sharply at the beginning and then gradually approached a constant value for each observed depth.
Before the field observations, a laboratory experiment was conducted to measure the water content under
saturated seawater conditions yielding a result of 0.684 m3/m? for fully saturated conditions. The water content of
the upper layer indicated that the values during high tide were approximately the same as this value (Fig. 3b(i)).
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Figure 3. (a) Observed data of tide, bed level of the measuring point, and estimated wave run-up elevation. The
red box indicates the investigated period. (b) Observed data during the investigation period. (i) Water content,
and (ii) separation of analysis duration based on the tidal fluctuation.

3.2 Water Content and Ground Level Changes during Tides
To investigate data variation during tides, each time duration was determined by tidal fluctuation, that is, the
period from low tide to the next low tide level. Figure 3b(ii) shows the separation of each tidal fluctuation. The
grey vertical dashed lines indicate the separation of tidal fluctuations based on low tide, and the data were
separated into 11 periods. Period 7 was excluded from the analysis because the water content was not accurately
measured. Therefore, 10 data periods were used for the analysis.

Figures 4a(i), and (ii) show the ensemble mean water content changes and the bed level changes with tidal
motion, accompanied by standard deviations, respectively. The x-axis of each panel is nondimensionalized with
the time duration of tides. Figure 4a(i) shows that the upper water content exhibited the most variation (black
line) during a tide, whereas the fluctuations of middle and lower water content were less than that of the upper
layer. The value of water content varies depending on the installation depth. The upper, middle, and lower layers
of water content fluctuate between 0.6-0.7 m3*/m?, 0.5-0.6 m*/m?, and 0.4-0.5 m*/m?, respectively. During the
water content increase, the standard deviation is large and becomes small during the high tide.
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Figure 4. (a) Ensemble mean values of observed data for one high tide case. (i) Water content, and (ii) bed level
and tide. (b) Determination of Sections 1 to 4 using water content fluctuation of the upper layer. (i) Water
content, and (ii) tide.

Figure 4a(ii) indicates that the bed level changed with the tidal fluctuations. Although the bed level did not
change at the beginning of the flood tide (#/7T < 0.2), it increased slightly once the run-up waves reached the
measurement point. However, the tidal level increased and approached high tide, and the bed level decreased.
The bed level increased slightly again during the ebb tide. Although the standard deviation is large, the first
sedimentation occurs during the period from 0.2 to approximately 0.4, when the water content rapidly increases
with the flood tide. Second, in the period from approximately 0.4 to 0.7, when the water content is approximately
at its maximum in all layers, erosion occurs until approximately 0.5, and gradual accumulation occurs afterward.
The deposition from flood tide to high tide and during ebb tide is consistent with the results of Duncan (1964).

3.3 Determination of Section Classification within One Tide Duration

The water content of the upper layer was shown to be sensitive to tidal motion (Fig. 3b). Therefore, the data were
divided into four sections based on fluctuations in the water content of the upper layer. Figure 4b(i) shows an
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example of the observed time-series data for the water content of the upper layer (tide 1 shown in Fig. 3b(ii)).
First, the boundary between Sections 1 and 2 was defined as the start of a continuous rapid increase in the upper
water content. The boundaries between Sections 2 and 3 and between Sections 3 and 4 were defined using the
ratio of water content change to the maximum water content during high tide. The boundary between Sections 2
and 3 was defined as the time at which the water content of the upper layer increased to more than 95 % of the
maximum value. The boundary between Sections 3 and 4 was defined as the time at which the saturation of the
upper layer was below 95 % of the maximum water content. Figure 4b(ii) shows the corresponding sections of
the tide.

4 Discussions

4.1 Interaction between Tide, Water Content, and Ground Level

(1) Section 2

Figures Sa(i) and (ii) show the time series data of the tide and water content for each case in Section 2. The
average duration of Section 2 was 82 min (the shortest 50 min to the longest 140 min), and its standard deviation
was 27 min. The tide level increased uniformly during this period (Fig. 5a(i)). In all cases, the upper layer's water
content increased rapidly until approximately 0.5 m*/m?® and then slowly rose to above 0.6 m3*/m?* with small
fluctuations (Fig. 5a(ii)). This increase was attributed to the effect of the wave run-up reaching the measurement
point, due to the increase in the tidal level.
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Figure 5. (a) Observed time series data of Section 2. (i) Tide, and (ii) water content in the upper layer. (b) (i)
Observed time series data of bed level change in Section 2, and (ii) relationship between increase value of water
content and bed level change.

Figure 5b(i) shows the time-series data of the bed level change for each case in Section 2. The bed-level change
was characterized by five cases of sediment accumulation and five cases of erosion, and the differences in the
changes were all within approximately 3 cm. Moreover, the change was not correlated with the time duration.
Owing to the increase in the tide, the shoreline position moved landward, and the run-up waves reached the
measuring point. Owing to the water infiltration, the water content increased (Fig. 5a(ii)).

Figure 5b(ii) shows the relationship between the increased water content in the upper layer, AW, and bed level
change, Az. This figure indicates that sediment accumulation occurred when the water content increased. The
groundwater table was low at the beginning of the flood tide, which generated infiltration and caused the
seawater to be absorbed and sedimentation to be facilitated. This finding correlated with the results of other
researchers, such as Turner and Masselink (1998) and Masselink et al. (2010). Accumulation and erosion were
observed during this analysis. Therefore, water content is an important parameter; however, other parameters
also affect the bed level change.

The change in the bed level in the swash zone was also affected by the wave motion and initial ground elevation.
The run-up wave brings sediment to the swash zone, whereas the run-down wave removes the sediment from the
swash zone. Therefore, the initial ground elevation, G; (bed elevation at the starting time of S2), wave energy
flux, Ey (integrated value during S2), and wave run-up height, R (maximum height in S2) were considered as
other parameters for estimating the bed level change. To ignore the magnitude of each value, the min-max
normalization was applied to all the parameters. The following relationships were calculated based on the
multiple regression analysis.

Az =1.057AW, —0.8228; — 03658, +0.154R+0.281 )
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The equation indicates that the two most important parameters are the increase in water content and initial
ground elevation (R* = 0.606). The increase in water content affects water infiltration and exfiltration and
consequently affects the change in the bed level. Furthermore, because the initial ground elevation directly
affects wave motion, the value was also large. Based on this equation, the effects of the change in water content,
initial ground elevation, wave energy flux, and wave run-up on the bed-level change were 1:0.8:0.3:0.1,
respectively.

(2) Section 3

Figures 6a(i) and (ii) show the time series data for the tide and water content for each case in Section 3. The
water content was nearly constant, and for the gradient, several cases changed during this period; most cases
were constant without fluctuations. The average duration was 240 min (the shortest was 165 min to the longest
was 295 min) and the standard deviation was 47 min. Because the tidal level in Section 3 is close to high tide, the
level gradually rises and then falls (Fig. 6a(i)). The water content was almost constant throughout the study
period and shows saturated values (Fig. 6a(ii)).
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Figure 6. (a) Observed time series data of Section 3. (i) Tide, and (ii) water content in the upper layer. (b) (i)
Observed time series data of bed level change in Section 3, and (ii) relationship between water content and bed
level change.

Figure 6b(i) shows the time-series data of the bed level change for each case in Section 3. Bed-level changes
occurred in three cases of accumulation and seven cases of erosion. In these cases, the maximum accumulation
value was 3.7 cm, and the maximum erosion was 9.9 cm, which were larger than those in Section 2. When the
tidal level increased and approached high tide, the water content reached a constant value, and the water content
change in this section was small (Fig. 6a(ii)). Therefore, the water content was not a suitable bed-level change
parameter.

Figure 6b(ii) shows the relationship between the wave energy flux, Ej and bed-level change, Az, in Section 3.
The figure indicates that the bed-level change exhibited an accumulation trend as the wave energy flux increased
(R* = 0.45). Higher energy fluxes are believed to increase the amount of sediment supplied from the wave
breaking zone to the swash zone. Therefore, although erosion occurred during the high tide peak duration due to
wave run-up and run-down, sediment accumulation occurred during the ebb tide (Fig. 6b(ii)).

The ground elevation G; (bed level at the starting time of S3) and run-up height R (maximum height in S3) were

considered as the other parameters. In the same discussion as in Section 2, the min-max normalization was
applied to all parameters. The following relationships were calculated based on the multiple regression analysis.

Az=03778, —0.409B,, —0.029R+0.646 3)

The equation indicates that the two significant variables are the contributions of the wave energy flux and initial
ground elevation (R?> = 0.632). Based on this equation, the effects of the wave energy flux, initial ground
elevation, and wave run-up on the bed level change were 1:1.1:0.1, respectively.
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5. Conclusions

Field observations were conducted in the swash zone at a dissipative barred beach to investigate the
characteristics of water content in the sand layer. Water content meters were installed in the sand layer in the
landward portion of the swash zone, and data over a six-day period were used. The data were separated based on
each tidal motion and were divided into four sections by the process of water content change: Section 1, low and
constant water content; Section 2, water content rapidly increases; Section 3, water content remains constant with
high value; and Section 4, water content decreases. For each section, the correlation characteristics between the
tidal level, and water content were discussed, and the contributing factors of the microtopographic changes in
Sections 2 and 3 were analyzed.

The results revealed that regarding the correlation between the tide level and water content of the upper sand
layer, approximately 5 cm below the bed level, was negative in Section 1 and a positive in Sections 2 and 4. In
Section 3, no relationship was observed between the two variables, owing to small tidal fluctuations. The
correlation between the bed-level change and wave motion in Sections 2 and 3 was investigated. The results
revealed that in Section 2, the bed level fluctuated owing to the initial ground elevation and wave energy flux, in
addition to the change in water content. Owing to the increase in run-up waves, the water content increases with
time; a larger water content causes a larger infiltration and creates a bed level increase. However, a larger wave
energy flux and higher initial ground elevation negatively affected the increase in the bed level. In Section 3,
because the water content variation was small in most cases, the value was removed from the explanatory value.
The bed-level change in this section was affected by the wave energy flux and initial ground elevation, and their
contribution rates were nearly the same. The initial ground elevation was negatively correlated with the bed level
change. This is the same as that described in Section 2. However, the wave energy flux was positively correlated
with bed-level change.

In this study, the topographic change was small, and the water content obtained from the upper layer was
considered as the surface water content. However, note that once the vertical location of the water content meter
changes because of sedimentation and erosion, the stable value of the water content depth may change; therefore,
we must take this into consideration. In addition, because this observation was conducted at a single point, it was
possible to examine the spatial distribution and conduct a more accurate analysis of multiple points in the
experiment that could be conducted simultaneously.
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