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Earth Surface Processes and Landforms

ABSTRACT:  Within the context of a warming climate, there are wide and increasing concerns about the way beaches respond to
different wave energy environments. However, behavioural differences in changes in beach elevation contours (including shorelines)
in different wave energy environments remain unknown. Thus, it is unilateral to evaluate the changes in beaches based on a single
elevation contour (e.g. shoreline) in coastal engineering and management applications. In this study, based on the collected
shoreline and wave energy data of two international beaches, as well as the measured beach elevation contour data from Yintan
Beach and the corresponding wave energy data simulated by Xbeach, our results show that frequency distributions of beach eleva-
tion contour changes exhibit distinct features under different wave energy environments. Under high wave energy environments, the
frequency distributions of beach elevation contour changes show a Gaussian distribution. However, frequency distributions of beach
elevation contour changes present a power law, intermediate between the logarithmic and Gaussian distributions under low and
moderate wave energy environments, respectively. Furthermore, the conceptual model of beach elevation contour changes
constructed by this study indicates that the relative importance of the wave energy and sediment resistance determines this

phenomenon. © 2020 John Wiley & Sons Ltd
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Introduction

Beaches act as important entertainment venues, harbours, and
aquaculture (Nordstrom, 2000), which have unique ecological
resources and provide valuable habitats for organisms world-
wide (Defeo et al., 2009). In particular, beaches serve as the
first defence via a shoreline retreat to protect life and property
from the damage of strong waves, especially storm waves, in
coastal cities (Stive, 2004; Anthony, 2008). Most studies indi-
cate that the shoreline position represents a ‘beach vulnerabil-
ity indicator’ for studying and evaluating both the long-term
(decades or longer) and short-term (e.g. the timescale of indi-
vidual typhoon events) beach evolution (Kroon et al., 2007;
Dawson and Smithers, 2010; Hinkel et al., 2015; Bonaldo
et al., 2019). However, generalized shorelines (i.e. elevation
contours) are usually applied to mainly study beach volume
changes (Smith and Bryan, 2007; Quartel et al., 2008), and lit-
tle information is relevant to the identification of how beach
elevation contours respond to different wave energy environ-
ments, which is vital to understanding beach morphodynamics.

With the understanding that different wave energy environ-
ments, which have a substantial influence on the shoreline,
are not negligible for long-term trends of shoreline evolution
(Anderson et al., 2010), researchers have paid close attention
to shoreline behaviours under different wave conditions via a

variety of survey tools (e.g. Autonomous Real-Time Ground
Ubiquitous ~ Surveillance Imaging System [ARGUS-IS];
Lippmann and Holman, 1989). It is well established that a
single typical contour (i.e. shoreline) of beach terrain is
often incapable of detecting how the whole beach face
responds to different wave environments (Boak and
Turner, 2005; Theuerkauf and Rodriguez, 2014). Archetti and
Romagnoli (2011) also demonstrated that the understanding
of the behaviour of one typical contour (e.g. the mean high
water level of spring tide for a shoreline) in response to
hydrodynamic conditions does not reflect realistic coastal
morphodynamic evolution. Beach accretion/erosion often has
obvious heterogeneity in different beach zones. Thus, the
evolutions of elevation contours in different beach zones are
more representative of beach morphodynamics when beach
topographical variations from low to high intertidal zones are
taken into account (Short, 1979).

Although shoreline changes in beaches have been widely
investigated, many processes remain unknown since the com-
plexity of shoreline changes is often neglected (Splinter
et al., 2017). While numerous studies have focused on
modelling shoreline evolution based on the physical process
or equilibrium concept (e.g. Ashton et al., 2001; Yates
et al., 2009), little information with respect to beach elevation
contour changes and the corresponding frequency distributions
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has been acquired. In the sense of statistics, different frequency
distributions of beach shoreline/contour changes indicate
distinct mechanisms behind shoreline evolution (Leonardi
and Fagherazzi, 2014, 2015). Hence, it is essential and urgent
to explore the different frequency distributions to advance our
understanding of the roles of hydrodynamic environments
and sediment characteristics in shoreline/contour evolution.
With the further understanding of the behaviour of beach eleva-
tion contours, more flexible and economic coastal manage-
ment strategies could be formulated and applied for different
beach zones with different wave environments (Yu et al., 2013).

To approach the above purpose, high spatial resolution ter-
rain data collected by LiDAR in Yintan, China were analysed.
In addition, shoreline data collected by ARGUS-IS in Lido
di Dante, Italy and Egmond, North Holland were obtained
from historical literature (Aagaard et al., 2005; Archetti and
Romagnoli, 2011). The elevation contour/shoreline changes
of these three beaches in stormy conditions were examined.
In addition, we took a novel step forward by constructing a
unique conceptual model. The main goals of this paper are to
analyse the different frequency distributions of beach elevation
contour/shoreline changes under different wave energy
environments and to explore the mechanisms behind this phe-
nomenon with a new conceptual model. This study enhances
the understanding of the mechanism of beach morphological
evolution, which is of great importance for coastal engineering,
protection and management applications.

Materials and Methods
Study areas

Yintan Beach is north of Beibu Gulf (Figures TA-C). The beach
is characterized by mixed diurnal-semidiurnal tides with a
mean tidal range of 2.3 m and a maximum tidal range of
5.36m, so it is considered a meso-macrotidal beach. The
typical wave climate is characterized by a mean wave height
of approximately 0.5m and wave directions of N-NE in
autumn through spring, and SW-S in summer. The beach
has a relatively flat beach face (the average slope is 0.02;
Figure TE) and a small coastal dune with a relatively large inter-
tidal sandbar located in the swash zone (Figure 1D). The beach
is composed of fine sand with a median grain size of 0.14 mm.
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Typhoon Rammasun was the most severe typhoon affecting
south China in the past 40 years in the Beibu Gulf. Typhoon
Rammasun (tropical storm no. 1409) formed on 12 July 2014
in the northwest Pacific Ocean with an initial wind speed of
18 ms~'. It moved northwest from the Pacific Ocean towards
China and Vietnam with a minimum central pressure of
899.2 hPa and a maximum wind speed of 72 ms™'. Typhoon
Rammasun was the most violent typhoon that has affected
Yintan Beach in the past 40 years and passed the beach from
18 to 20 July with an average speed of approximately 50 m
s~' (Figure 1B; Ge et al, 2017). Due to the impact of
Rammasun, there was an obvious storm surge with a mean
and maximum amplitude of over 0.7 and 1.7 m, respectively.

Lido di Dante is an artificial beach in northeast Italy
(Figures 1F and G; Archetti and Romagnoli, 2011). It is a
microtidal beach with a tidal range from 0.15 cm during neap
to 0.4 m during spring. Wave conditions are commonly charac-
terized by a 0.5 m significant wave height, a 3.5-4.0 s wave
period, and either a NE or a SE wave direction. Egmond is on
the Central Dutch coast in North Holland (Figures TH and [;
Aagaard et al., 2005). The mean semidiurnal tidal range of this
area is 1.65 m, and the tidal range increases to 2.1 m at spring
tide. The mean annual offshore wave climate features a signifi-
cant wave height of approximately 1.2 m, wave periods of 5,
and a wave direction of SW to N.

Terrain data and analysis

For Yintan Beach, a LiDAR survey with an area of approxi-
mately 300 m in the cross-shore direction and 500 m in the
alongshore direction was conducted before the typhoon on
17 July 2014 and after the typhoon on 20 July 2014
(Ge et al., 2017). Digital elevation models (DEMs) with a high
spatial resolution of 25 mm were extracted from elevation
points. Typical contours, including —1.5, —1, —0.5, —0.3,
and Om, were extracted from DEMs for both days
(Figures 2A-E). Among these contours (Figure 1E), the —1.5
and —1 m contours were located in the foreshore and were in
the surf zone of this beach, while the —1 m contour was close
to a sandbar (Figures 2A and B). The —0.5 and —0.3 m contours
were located in the swash zone of this beach where a sandbar
developed in this zone (Figures 2C and D); the 0 m contour was
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Figure 1. The study region: (A) the location of Yintan Beach; (B) the track (red line) and the centre (black solid circle) of Typhoon Rammasun;
(C) remote sensing image for Yintan Beach and adjacent areas; (D) DEM of the study region of Yintan Beach on 17 July 2014; (E) a typical profile
in the study region; (F, G) the location of Lido di Dante; (H, 1) the location of Egmond.
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Figure 2.

Contours of three beaches: (A-E) identical contours before and after Typhoon Rammasun in Yintan Beach; (F) identical shorelines before

and after different storm events in Lido di Dante (figure modified from Archetti and Romagnoli, 2011); (G) identical shorelines from different days in
Egmond (figure modified from Aagaard et al., 2005) and the shoreline shifted by 25 m in the cross-shore direction between each time step.

located in the backshore of this beach and was close to the foot
of the dune (Figure 2E).

For Lido di Dante Beach and Egmond Beach, the shorelines
(in Table I, the zero level referred to the local mean sea
water level for Lido di Dante, and —0.6 m referred to that of
NAP for Egmond Beach, respectively) were measured by
ARGUS-IS. These shorelines were digitized from Archetti and
Romagnoli (2011) and Aagaard et al. (2005), respectively. We

Table I.
Romagnoli, 2011)

obtained five pairs of shorelines pre and post five southern
storm (Scirocco winds from southeast direction) conditions at
Lido di Dante (Figure 2F; Archetti and Romagnoli, 2011), and
six shorelines in October 2002 at Egmond (Figure 2G; Aagaard
et al., 2005).

Digital Shoreline Analysis System (DSAS) software version
4.3 was used to calculate the absolute spatial changes of the
identical contours/shorelines (Thieler et al., 2009). Specifically,

The locations and levels of the beach elevation contours used for comparison from three beaches (Aagaard et al., 2005; Archetti and

Location

Beach Contour level Elevation datum
Om
—03m
—0.5m
—1m
Yintan Beach —1.5m Local mean high water level of spring tide
Lido di Dante Shoreline (zero level) Local mean sea water level
Egmond Shoreline (—0.6 m NAP) NAP (Normaal Amsterdams Peil)

Close to the foot of sand dune (backshore)
In the swash zone

In the swash zone

In the surf zone

In the surf zone

In the surf zone

In the breaker zone
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a series of transect lines at intervals of 1 m were constructed
from the baseline for the three beaches. Then, the
advance/retreat distance of the identical contours for two days
was determined by the distance between two cross points
generated by a transect line and the two identical contours
(Thieler et al., 2009). Afterwards, the absolute values of these
distances were sorted by size, and the number of these absolute
values was counted at different partitioned intervals (full details
on the partitioned intervals of the frequency distribution statis-
tics referring to different contour changes from three beaches
and the conceptual model are provided in Table S1 of the
online Supporting Information), during which the partitioned
interval was dependent on the specific condition of each case.
Thus, the frequency of each partitioned interval was obtained
by dividing its number by the total number of contour changes.
For instance, the absolute changes and the corresponding fre-
quency distribution of the Egmond shoreline between 15 and
21 October were calculated with a partitioned interval of T m
(Figures 2G and 60).

Xbeach model

Xbeach is a numerical model designed for estimating beach
evolutions under typhoon events (Roelvink et al., 2009). This
model has been widely used in both engineering applications
and scientific research (McCall et al., 2010; Corbella and
Stretch, 2012). It was utilized to obtain the wave energy for
Yintan Beach. The hourly water level and wave data (significant
wave height, spectral peak wave period, wave direction)
collected at 8, 10 and 11 am, 12, 2, 4, 5 and 6 pm for each
day during Typhoon Rammasun were used as boundary condi-
tions in the model.

The survey area on Yintan Beach is the prototype of this
model domain with an extension for obtaining better offshore
boundary conditions and reducing the boundary effect of the
eastern lateral boundary. A station was located approximately
500 m away from the survey area (Figure 1C), so the bathyme-
try data of the model domain were extended to the location of
the wave buoy in the cross-shore direction, and the slopes were
achieved from the nautical chart published by the navigation
assurance department of the Chinese People’s Liberation Army
navy command. Furthermore, the eastern lateral boundary was
extended approximately 300 m eastward in the alongshore
direction with the slope obtained from the map published by
SinoMaps Press.

The input of the storm surge data was interpolated into 2-min
intervals with a linear method, while the input of the wave data
(significant wave heights, spectral peak wave period, wave
direction) remained uniform between the two measurements.
This model was configured with a curvilinear grid of 301 x
301 cells, and the spatial resolution of the grid was approxi-
mately 0.8 m in the survey area and approximately 2.6 m in
the other parts of the domain. The list of detailed parameters
during the model setup is shown in Table Il (the parameters
were kept at the default settings in Xbeach if they did not
appear in Table II).

With this model, the wave energy over the survey area
during Typhoon Rammasun was obtained. To compare the
variations in the wave energy environment for different
contours, the polygon that was bounded by the identical
contours (e.g. —1.5m contour) pre- and post-typhoon was
quantitatively defined as the region of interest. The average
wave energy per cell (AWEPC) based on the model results
was calculated for the entire simulation period (Figure 4C).

© 2020 John Wiley & Sons Ltd

Table II. The list of model parameters (an explanation for each
parameter can be found in the Xbeach manual at http:/xbeach.
readthedocs.io/en/latest/user_manual.html)

Parameter Value Parameter Value
Dso 0.00013 gridform delft3d
Daqo 0.00025 tstop 68,400
front abs_2d morfac 10
back abs_2d wetslp 0.3
posdwn 1 dryslp 1

alfa 0 tideloc 2
thetamin 115 paulrevere sea
thetamax 235 instat jons
dtheta 20 nmax 0.5

Estimation of sediment mobility number and wave
friction factor

The sediment mobility number (), as the ratio of the driving
force to the resisting force on the sands over the seabed, is
usually used to represent the dynamics of the bottom boundary
layer and bedform morphology (Dingler and Inman, 1976;
Nielsen, 1981). The mobility number is defined as:
v (S — 1)gD50

where s=2.65 is the specific density of sand, and U,, and D5,
are the maximum wave orbital velocity and median grain size,
respectively. U, is calculated as:

Un = (/)sinh (/) @

where Tis the wave period, h is the water depth, H is the wave
height from the Xbeach model, and L is the wavelength
obtained by iterative computations through the linear wave
dispersion relation:

L= (gﬂ/z,[) tanh(*"/,) 3)

In addition, the wave friction factor (f,,), a variable that depicts
the incident wave height damping from bottom sediment resis-
tance due to the seabed roughness under near-bed wave orbital
motions (Swart, 1974), is defined as:

/( 0.194
fu = exp {5.213 (A—) — 5.977] 4)

0

where k, is the bed roughness height, which is estimated as
2.5Ds5q for a plane seabed (smooth bed) and is given by 4¢
for a rippled seabed, where & is the ripple height of the seabed
and meets the empirical formula according to Nielsen (1981):

gv —1.85
= =21 5
Ao v (5)

when y is larger than 10.
Ag is the near-bed orbital semi-excursion, obtained by:

Ao = (V7),) (©)

The novel conceptual model

The evolution of a contour/shoreline is a ubiquitous phenome-
non as a consequence of sediment transport from variable

Earth Surf. Process. Landforms, (2020)
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directions, which can be decomposed simply into alongshore
and cross-shore directions (Dean and Dalrymple, 2004).
Following previous studies, cross-shore sediment transport
can be treated as a competition between the local sediment
resistance and wave erosive ability (Fagherazzi et al., 2006),
and the erosive ability is formulated as:
E=A(ty — 1) = Aty — At 7)
where E is the erosion rate, A is a constant for proportionality,
7., is the wave bottom shear stress, and 7., (corresponding to
sediment resistance) is the critical shear stress for incipient
motion. In general, 7., is simply treated as a constant or
parameterized with a median grain size, but the concept of
7o, comes from the mechanics of a single grain, which is
directly expanded to represent mixed grains by using the
median grain size. In our novel conceptual model of beach

ot
replaced by b, is uniform along one contour for each scenario,
while the sediment resistance (Az,,), being substituted by kqzy,
evolves with the contour changes:

0
contour change (_y)/ the erosion ability of waves (Az,,), being

oy c’?zy

528167+k17]y — b (8)
i TP )
ot Zaxz T ax|"

where x is the alongshore coordinate, y is the contour position,
and 7 is the sediment resistance (equivalent to relative sediment
elevation) which reflects the sediment resistance to wave ero-
sion by the vertical changes of the surface sediment layer. A
larger i represents a stronger sediment resistance. b is the ero-
sive ability of the waves and is always larger than 0. b reflects
the relative bed shear stress associated with the wave energy
and water depth. The larger b is, the higher the wave energy
environment. g; and ¢, are diffusion coefficients of the contour
position and relative sediment elevation (sediment resistance),
respectively. k; is an anti-erosion parameter for the contour
position; k, is an erosion parameter for sediment elevation (sed-
iment resistance), which is similar to the erosion parameter of
Winterwerp and van Kesteren (2004). ¢, &, ki, k» are all posi-

tive. In Equation 8, the beach contour change (%) is divided
2

0
into cross-shore (kyny — b) and alongshore (616—)()2/> terms of

sediment transport, with the cross-shore term representing
sediment advection motion and the alongshore term
representing sediment diffusion motion. Specifically, the
advection term kyny — b originates from Equation 7, while the
diffusion term is motivated by the GENSIS model (Kraus and
Harikai, 1983). Equation 9 is formulated to reflect the change

. . 0 S .
rate of sediment resistance (6—’:) , which is decomposed into

. oy e . 62;7
advection ( ko |==|» | and diffusion ( &;=— | terms. The advec-
ox 0x2

tion term of sediment transport is proportional to the
local sinuosity of a contour. Equations 8 and 9 are solved with
a one-dimensional explicit Adams-Bashforth scheme for
temporal derivatives and a finite-difference numerical scheme
for spatial derivatives (Garnier et al., 2006).

This conceptual model is simulated on a grid of 5000 x 1
cells; and a periodic boundary condition is used. The initial
condition for y uses uniform values, adding small random
perturbations, while that for 5 uses random values between 0
and 1. The maximum cross-shore erosion distance (Ay) is fixed
to 15 m for all scenarios, which is close to the maximum con-
tour change (15.4 m) in the field data. Moreover, the mean of
n (mean sediment resistance, MSR) and the standard deviation
of 5 (standard deviation of the sediment resistance, SSR) of all
the cells in the final state are used to quantitatively represent
the strength of the sediment resistance for each scenario.

Results
Hydrodynamic conditions in three regions

From the offshore station, Typhoon Rammasun passed Yintan
Beach during a neap tide period with a maximum tide range
of 2.4 m (Figure 3A), and influenced Yintan Beach with a max-
imum wave height ranging from 2.5 to 4 m and a mean wave
period ranging from 4.9 to 6.3 s from midnight on 18 July to
the morning of 20 July (Figures 1B and 3B). Based on the
Xbeach simulation, the space-time distribution of the wave
energy on the beach face was obtained during Typhoon
Rammasun. A typical profile (HP in Figure 4A) of the wave
energy and three typical points along it were selected for
presentation (ST, S2, S3 in Figure 4A). S1 featured an elevation
of —1.3 m, which is located between the —1.5 and —1 m con-
tours, and represents the surf zone of the beach during Typhoon
Rammasun; S2 featured an elevation of —0.33 m, which is
located between the —0.5 and —0.3 m contours, and represents
the swash zone of the beach; S3 featured an elevation of —0.02
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Figure 3.

Time

Hydrodynamic condition of a station (the station is shown as a white point in Figure 1C) near the study region in Yintan Beach during

Typhoon Rammasun: (A) time series of the offshore water level; (B) time series of the offshore maximum wave height and mean wave period.
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Figure 4. The wave energy in the study area during Typhoon Rammasun based on the Xbeach simulation: (A) mean wave energy in the study area
and the HP profile (yellow solid line) selected in the study area — S1, S2, S3 on the profile are used for detailed presentation of the wave simulation;
(B) time series of the water depth; (C) time series of the wave energy — the locations of S1, S2, S3 are shown in the figure and the white solid lines in
(B, C) are zero contours; (D) time series of the water depth; (E) time series of the wave energy.

m, which is located near to the 0 m contour, and represents the
backshore of the beach.

As shown in Figures 4B-E, the seawater gradually went up to
the beach due to the rising tide level after the numerical simu-
lation was conducted for approximately 6 h. When the numer-
ical simulation was carried out for approximately 7.5 h, the
seawater crossed the sandbar and entered into the backshore
of the beach. After the numerical simulation was carried out
for approximately 15 h, the seawater gradually receded from
the beach. Before the first 6 h of the numerical simulation, there
was almost no wave energy in S2 and S3. Between 6 and 7.5 h,
due to the presence of an intertidal sandbar, the wave could
only propagate into S2 and S3 from the east side by diffraction,
so there was low wave energy in S2 and S3. After 7.5 h, with
the help of the rising tide, the waves could propagate directly
into S2 and S3, and as a result, the wave energy of S2 and S3
increased substantially. In addition, the wave energy of S1
was always substantially stronger than that of S2 and S3 during

© 2020 John Wiley & Sons Ltd

the numerical simulation, and the wave energy of S2 was stron-
ger than that of S3 during most of the simulation time.

The changes in water depth and wave energy along the HP
(from ST to S3, Figure 4A) clearly showed diminishing wave
energy in the cross-shore direction of the beach. The topogra-
phy of the beach, especially the intertidal sandbar, caused
wave shoaling, breaking, and swash. As a result, the spatial dis-
tribution of the mean wave energy on the beach showed that
the surf zone suffered the severest wave energy, the swash zone
took moderate wave energy, and the backshore experienced
the lowest wave energy (Figure 4A). Based on the Xbeach
model, the AWEPCs of different contours in different beach
zones of Yintan Beach are shown in Table Ill. In addition, the
detailed descriptions of the varying hydrodynamic conditions
in the other two beaches can be found in Archetti and
Romagnoli (2011) and Aagaard et al. (2005); here, only the
wave energy data were cited or calculated from these two stud-
ies (Tables IV and V). We aim to explore the general links

Earth Surf. Process. Landforms, (2020)
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Table lll.  The wave energy for five regions of interest in Yintan Beach
during Typhoon Rammasun

1

Region of interest AWEPC (Nm™ ")

—1.5m 415 Figure 6A
—Tm 216 Figure 6B
—0.5m 89 Figure 6C
—0.3m 56 Figure 6D
—0m 11 Figure 6E

Table IV. The wave energy flux of the different storm events in Lido di
Dante (data cited from Archetti and Romagnoli, 2011)

Date Wave energy flux (Kg*ms™)

TONov 07-26Nov 07 890370 Figure 6F
25Dec 04-21Jan 05 425320 Figure 6G
02Apr 08-03May 08 382450 Figure 6H
010ct 08-12Nov 08 200712 Figure 6l
18Apr 04-08May 04 76263 Figure 6)

Table V. The wave energy of the different days in Egmond (data
calculated from Aagaard et al, 2005 and European Centre for
Medium-Range Weather Forecasts)

1

Date Average wave energy (Nm ')

240ct 02-290ct 02 22262 Figure 6K

290ct 02-300ct 02 5048 Figure 6L

220ct 02-240ct 02 1971 Figure 6M
210ct 02-220ct 02 1262 Figure 6N
150ct 02-210ct 02 807 Figure 60

between the contour/shoreline changes and the corresponding
wave energy environments hereinafter.

Contour/shoreline changes in the three regions

During Typhoon Rammasun, the net sediment volume change
based on survey data is approximately —1030 m? (accretion +
erosion), with obvious advances and retreats in different
contours, and the total volume change is 5348 m?> (laccretion|
+ lerosionl). These changes imply that Typhoon Rammasun
had induced substantial sediment movement over the whole
beach face. On 17 July, a channel emerged on the foreshore with
two small ridges surrounding it (Figure 5A). On 20 July, the
swash zone (—0.5 and —0.3 m contours located in this zone)
and backshore (0 m contour located in this zone) exhibited as
a flat plain with no obvious channel ridge or sandbar crest
(Figure 5B). The sandbar crest was washed away by the typhoon,
with an average elevation change of —8 cm. Relatively small
morphological changes, mostly ranging from —2 to 2cm,
occurred on the backshore. The severest erosion occurred in
the surf zone (—1.5 and —1 m contours located in this zone),
with an average elevation change of —10 cm (Figures 2A—E).
Regarding the erosion and accretion intensity of the different
beach zones, the —1.5m contour and its close vicinity were
characterized by the severest erosion, and the —1 m contour
was located in the landward direction of this severe erosion
region. Most of the —0.3 m contour was located in the erosion
zone, while most of the —0.5m contour was located in the
accretion zone (Figures 2C and D). Most of the 0 m contour
experienced slight morphological changes, except for very few
areas experiencing accretion over 0.15 m (Figure 2E).

© 2020 John Wiley & Sons Ltd

Additionally, the frequency distributions for the absolute
changes of different contours (based on field data) are shown
in Figure 6. Both the —1.5 and —1 m beach elevation contour
changes follow a Gaussian distribution (GD), which suffers
from large AWEPCs of 415 and 216 Nm~', respectively
(Table I). The value of u for the —1.5 m contour is larger than
that for the —1 m contour, which indicates a higher sensitivity
of beach elevation contour changes and weaker sediment resis-
tance under a higher wave energy environment. Changes in the
0m contour under the smallest AWEPC of 11 Nm~' follow a
power law (PL). In addition, both the changes of the —0.3 and
—0.5m contours, which are subject to moderate AWEPCs of
56 and 89 Nm~! (Table 11I), respectively, fall into an intermedi-
ate between the logarithmic and Gaussian distributions (ILGD).
The value of u for the —0.3 m contour is smaller than that for
the —0.5m contour, demonstrating low sensitivity of beach
elevation contour changes and stronger sediment resistance
under a lower wave energy environment. Hence, the five sets
of contour changes (1.5, —1, —0.5, —0.3, and 0 m contours)
under different wave energy environments (from 415 to 11N
m~") quantitatively demonstrate that the frequency distribution
of the beach elevation contour changes shift from GD to ILGD
and finally to PL as the AWEPC for the corresponding regions of
interest decreases gradually from a high wave energy environ-
ment to a low wave energy environment.

The frequency distributions of different contour changes in
Yintan Beach (meso-macrotidal beach) shift with variations in
wave energy environments. The shoreline changes in Lido
di Dante (microtidal and armoured beach) and Egmond
(microtidal beach) also present the same characteristics of
shifting frequency distributions. With decreasing wave energy,
the frequency distributions of the shoreline changes in both
Lido di Dante and Egmond also shift from GD to ILGD and
finally to PL (Figures 6F-) and Table IV; Figures 6K-O and
Table V). In addition, this consistent phenomenon of three
different beaches with different tidal ranges indicates that the
linear decrease in wave energy does not cause a linear
decrease in contour/shoreline changes, and there must be non-
linear coupling generated by morphodynamic feedbacks.

Simulation results of the conceptual model

This conceptual model is used to examine how beach contours
respond to wave energy environments. High wave energy
environments (b = 0.25) yield a frequency distribution of con-
tour changes following a GD; this is consistent with that of
the —1.5 and —1 m contours under large AWEPCs (415 and
216 Nm™ ") in the field data (Figures 6A and B, 7A, Table IlI).
As the wave energy environment decreases to moderate levels
(b=0.16 and 0.13), the frequency distributions of the contour
changes present ILGD; this is consistent with those of the
—0.5 and —0.3 m contours under moderate wave energy envi-
ronments (AWEPC = 89 and 56 N m~', respectively) in the field
data (Figures 6C and D, 7B and C). The frequency distribution
of the beach elevation contour changes presents PL in response
to a low wave energy environment of b=0.11, which is consis-
tent with that of the 0 m contour under a small AWEPC of 11 N
m~ " in the field data (Figures 6E and 7D).

The duration of the typhoon impact for a region is also one of
the leading factors controlling morphological changes in that
region (Masselink and van Heteren, 2014). T represents the
total number of time steps required to approach the maximum
erosion in the conceptual model of beach contour change; it
increases with a decrease in b, which means that beach eleva-
tion contour changes are insensitive under a low wave energy
environment, thus requiring a longer time to accomplish the
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Figure 5.  Photos of Yintan Beach on (A) 17 July and (B) 20 July (before and after Typhoon Rammasun), respectively.
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maximum erosion. In addition, the mean 5 (MSR) increases
with a decrease in the wave energy (Figure 7), implying that
sediment resistance under a low wave energy environment is
obviously stronger than that under a high wave energy environ-
ment, which is consistent with the results from the field data
(Figures 6A—E). Moreover, with the fixed contour erosion of
15m, a decrease in b of 0.09 (from b = 0.25 to 0.16) yields
an increase in T of 1000 (Figures 7A and B), while a decrease
in b of 0.02 (from b = 0.13 to 0.11) yields a corresponding
increase in T of 2500 (Figures 7C and D). Although the trend
is monotonous, such that T increases with a decrease in b, the
relationship between the increase in T and the decrease in b
is nonlinear. Furthermore, both the upper and lower limits of
the local sediment resistance (SSR) increase with decreasing
wave energy (Figure 7), suggesting that high wave energy tends
to create more homogeneous local sediment resistance,
whereas low wave energy tends to create more heterogeneous
local sediment resistance.

Discussion

Frequency distributions of the beach elevation
contour changes under different wave energy
environments

The frequency distributions of beach elevation contour changes
induced by typhoons show distinct behaviours in different
beach zones that are subject to different wave energy strengths.
According to the field data, after Typhoon Rammasun —1.5 and
—1 m contours that are under high wave energy environments
remain as straight configurations (Figures 2A and B), while the
0 m contour under a low wave energy environment exhibits a
curved contour configuration with slight changes for most parts
but drastic changes for the rest of the parts (Figure 2E). As a
result, the frequency distributions of beach elevation contour
changes show GD in the surf zone (—1.5 and —1 m contours)
of high wave energy environments (AWEPC = 415 and 216 N
m~', respectively), ILGD in the swash zone (—0.5 and —0.3 m
contours) of moderate wave energy environments (AWEPC =
89 and 56 Nm™', respectively), and PL in the backshore (0 m
contour) of low wave energy environments (AWEPC = 11N
m™") (Figures 6A—E, Table IlI). In addition, the frequency distri-
butions of shoreline changes in the other two different beaches

present identical characteristics under different wave energy
environments (Figures 6F-O). Moreover, the conceptual model
results indicate that the erosive ability of waves (relative magni-
tude of b) controls the frequency distribution of the contour
changes (Figure 7E). Specifically, for a large b (over 0.188), the
frequency distribution of the contour changes follows a GD;
for a moderate b (from 0.119 to 0.188), the frequency distribu-
tion falls into ILGD; for b between 0.108 and 0.119, the fre-
quency distribution presents a PL feature. Hence, it is inferred
that the frequency distributions of the beach elevation contour
changes exhibit distinct features under different wave energy
environments (i.e. a high wave energy generates a GD and a
moderate wave energy induces an ILGD, while a low wave
energy produces a PL of contours/shoreline changes).

Sediment resistance in response to different wave
energy environments

The relative importance of the internal processes due to sedi-
ment and the external processes is a critical factor for beach
elevation contour changes in different beach zones (Dai
et al., 2018). According to the results of the conceptual model
and the field data of Yintan Beach, changes in the —1.5 m con-
tour (under a high wave energy environment) are the most
severe, while those of the O m contour (under a low wave
energy environment) are slight after the typhoon. Moreover,
the sediment resistance increases gradually and becomes more
heterogeneous with a decrease in the wave energy (Figure 6
and MSR, SSR of Figures 7A-D). Thus, it is indicated that beach
elevation contour changes under high wave energy environ-
ments are dominated by external processes (i.e. wave energy),
while those under low wave energy environments are domi-
nated by the internal processes due to sediment (i.e. sediment
resistance). For those under moderate wave energy environ-
ments, they are dual-controlled by both the internal processes
due to sediment and external processes. The increasing relative
importance of sediment resistance is attributed to the transfor-
mation of the bedform morphology. With the combination of
waves and water depth from the Xbeach model, the mean
sediment mobility numbers y at S1, S2, and S3 are calculated
as 410, 190, and 35 (Figure 8A), respectively. Therefore, the
corresponding bedforms are dominated by a plane seabed
(Figure 9C), post-vortex ripples (Figure 9B), and vortex ripples

T 0.6
500} A mean | (=410 B -
0] s3 |
400 1
0.4r¢
300
= mean { ., =190 0.3
200 ool
1001 0.1
0 : : ‘ 0 : : ’
7 9 11 13 7 9 11 13

The time of Xbeach model simulation (h)

Figure 8.

The time of Xbeach model simulation (h)

Simultaneous variations of (A) mobility number (w) and (B) wave friction factor (f,,) against the time of the Xbeach model simulation (h)

during Typhoon Rammasun at S1 (blue lines), S2 (red lines), and S3 (yellow lines). Note that the two purple dashed lines in (A) (w = 50 and 240) cor-
respond to the boundary between the vortex ripple and post-vortex ripple, and between the post-vortex ripple and plane seabed, respectively.

© 2020 John Wiley & Sons Ltd
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Figure 9. The bedforms are dominated by (A) vortex ripples under a low wave energy environment; (B) post-vortex ripples under a moderate wave
energy environment; and (C) a plane seabed under a high wave energy environment.

(Figure 9A) (Dingler and Inman, 1976; Nielsen, 1981) during
the typhoon. As a result, the wave friction factor f,,, a coeffi-
cient reflecting the sediment resistance against wave erosion
and causing wave energy dissipation (Jonsson, 1966) due to
the formation of sand ripples induced by near-bed wave orbital
motions, reaches the largest value at S3, where a low wave
energy environment prevails, followed by that at S2. The
smallest f,, occurs at ST, where the seabed is planar under a
high wave energy environment (Figure 8B). The reduction in
f,» is caused by a decrease in seabed roughness and an increase
in wave energy, which is consistent with previous work (Smyth
and Hay, 2002). In other words, variations in both the sediment
resistance and seabed roughness showed negative relations
with the wave energy. This explains why the sediment resis-
tance is strong and heterogeneous under a low wave energy
environment but is relatively weak and homogeneous under a
high wave energy environment, which also provides evidence
for the simulation results from the conceptual model of beach
elevation contour changes.

Conclusions

Beaches are important resources for leisure and entertainment,
coastal protection and aquaculture, but little attention is given
to the behaviour of beach elevation contours in response to dif-
ferent wave energy environments. By analysing the collected
and measured beach elevation contours/shorelines and wave
energy data from three international beaches, plus the wave
energy data simulated by Xbeach in Yintan Beach, it is demon-
strated that beach contour/shoreline changes under different
wave energy environments follow distinct frequency distribu-
tions. A high wave energy environment induces GD of
contours/shoreline changes; a moderate wave energy environ-
ment induces ILGD; and a low wave energy environment
induces PL. A conceptual model illustrated that the relative

© 2020 John Wiley & Sons Ltd

importance of the internal processes due to sediment (i.e. sedi-
ment resistance) and external processes (i.e. wave energy)
determines the way that beach elevation contours evolve under
different wave energy environments. Hence, we suggest that
more work needs to be conducted on the relation between
beach elevation contour changes and the corresponding 3D
geomorphic evolution in the future.
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