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Recently, the impacts of short-term erosion caused by storm waves on coastal damages
are increasingly recognized as social issues, compared to those of long-term erosion from
climate change or coastal development. The erosion caused by the storm wave has an
episodic characteristic that the shoreline recovers gradually after retreating for a short-
term. Furthermore, if shoreline changes caused by longshore sediment transport are not
taken into consideration, the shoreline position is determined by following two physical
parameters based on the bulk response model. The beach response factor determines
converging ultimate erosion on the assumption that incident waves constantly affects a
beach, which can be estimated according to the concept of Dean’s profile. On the
contrary, the beach recovery factor affects the velocity of the shoreline retreat and
recovery. Therefore, the parameter plays an important role to predict the peak erosion
due to the storms. However, there are still insufficient researches to utilize it as an
engineering design for erosion reduction. In this study, the two methodologies (i.e.,
approximation formula and statistical analysis) that estimates peak erosion width
caused by the storms are compared to extract the beach recovery factor. During the
process, it is confirmed that peak wave height has little impact on the beach recovery
factor. Instead, it is mainly determined by the median grain size. Also, the beach recovery
factor is estimated as a function of median grain size based on the shoreline and sand
survey data conducted over ten years. Among the 41 surveyed sites along the east coast,
11 sites of straight-type shorelines that directly react to the incident waves were applied to
consider only the short-term recovery process. To prove validity, the estimated applied
into the real sea and then the results were compared to the shoreline data extracted from
CCTV images. Using these results, the peak erosion width for a target wave event can be
predicted with only median grain size. These study results are expected to be used as a
concrete and practical means to manage the coast, in preparation for the current and
future shoreline erosion threats.
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1 INTRODUCTION

A beach is formed by accumulating sediments such as sand or
gravel in an environment where waves are continuously
incoming, and erosion and deposition are constantly repeated
due to natural phenomena (typhoon, swell, sea-level rise, etc.)
caused by disturbance of seawater. Among the numerous factors
that induce beach erosion, the behavior of sediments due to wave
dissipation is the most direct factor. Therefore, for the
phenomenon of receding and advancing shorelines due to the
incidence of storm waves, changes in the beach profile due to
cross-shore sediment movement should be identified first.

The equilibrium beach profile is formed by balancing the
shoreward and seaward movements of cross-shore sediment
transport, and Bruun (1954) empirically suggested a
correlation with the median particle size of sand. After that,
Dean (1977) applied constant wave energy dissipation in a unit
volume, and theoretically derived the relational expression
presented by Bruun (1954). In various fields such as beach
nourishment (Dean, 1991), beach management (Park et al.,
2019), and sea-level rise (Bruun, 1962; Dubois, 1990), it has
become a means to obtain various engineering solutions to
predict and solve catastrophic problems caused by coastal
erosion. Recently, Kim et al. (2021) expressed the vulnerability
of ultimate erosion in terms of sand grain size by applying the
equilibrium beach profile equation of Dean (1977). In addition,
the empirical formula derived in this way was compared with the
correlation between wave energy and shoreline obtained by Yates
et al. (2009) for 5 years of field observation, and the validity of its
application was verified.

For optimal design of coastal engineering works for erosion
reduction, it is desirable to physically analyze changes in the
beach profile such as prediction of peak erosion width from sand
particle size data, which is the most representative sediment
movement factor. Partheniades (1965) firstly introduced an
erodibility coefficient closely related to the grain size of sand to
estimate the load of suspended sand according to shear stress.
And the value was applied as the main physical coefficient of
numerical modeling for the topographic change of the seabed,
such as the settling velocity of sand. (Hanson, 1990; Hanson and
Cook, 1997; Pritchard and Hogg, 2003; van Ledden et al., 2004;
Stanev et al., 2007; Mathew and Winterwerp, 2017).
Hydrodynamic processes (i.e., waves), erosion processes (i.e.,
critical shear stress and erodibility coefficient and so on), and
deposition processes (i.e., settling velocity, concentration and
beach recovery factor) are significant factors in interpreting
changes in the beach profile (Krone, 1962; Partheniades, 1965).
At the center of this series of physical processes, the seabed sand
plays an important role in the physical process (Aberle et al.,
2004; Ha and Maa, 2009; Jacobs et al., 2011; Forsberg et al.,
2018). Nevertheless, these studies are limited to changes in the
seabed. Therefore, as the utilization of shoreline position change
has not yet materialized enough, clear and detailed research
results are needed.

Beach recovery after storm wave incidence takes over months
to years (Morton et al., 1994; Houser and Hamilton, 2009).
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Interpretation of the process of beach recovery is a research
theme that is as essential as the process of erosion. Numerous
bulk response models have been developed to investigate a
shoreline retreat and recovery (Wright et al., 1985; Miller and
Dean, 2004; Yates et al., 2009; Kim et al., 2021). Bulk response
models introduce functions or coefficients that affect shoreline
retreat and recovery. Among them, the coefficient included in the
empirically derived model by Miller and Dean (2004) directly
affects the shoreline response. And to derive a shoreline response
model, Lim et al. (2022) introduced the beach recovery factor,
which plays a role similar to that of the Miller and Dean (2004)’s
model. Ultimate erosion is determined by the coastal
environments and the beach recovery factor affect how
shoreline position responds to the convergence of peak erosion
caused by storm impact. Therefore, estimating the beach
recovery factor plays an important role in predicting the
magnitude of the episodic erosion in coastal engineering.

To predict shoreline evolution, bulk response models
introduced a coefficient or a function to work as the beach
recovery factor in the past, rather than directly introducing the
beach recovery factor. Wright et al. (1985) proposed the beach
recovery factor as the relative size of the incoming wave due to
wave imbalance. Although Miller and Dean (2004) analyzed how
they are affected by the wave characteristics (i.e., wave height,
period) and sand properties (i.e., sedimentation rate) in order to
understand the physical feasibility of the beach recovery factor,
there was a limitation in realizing it by applying it to the real
field. Lesht (1989) reported that the beach recovery factor was
proportional to the settling velocity, median grain size, and
transport coefficient, and was inversely proportional to the
closure depth by applying the cross-shore sediment transport
equation proposed by Hanson and Larson (2000). Kim et al.
(2021) verified the beach recovery factor correlates with the
elapsed time from peak wave height to peak erosion by applying
storm wave scenario to ODE (ordinary differential equation)
model results. Recently, Lim et al. (2022) presented research
results that clarified the specific physical meaning of the beach
recovery factor by introducing the concept of the horizontal
behavior of suspended sediment. However, despite numerous
researches, there are yet difficulties in extracting the beach
recovery factor that is a physical parameter to predict shoreline
changes, and applying them into the real sea.

Recently, Kim et al. (2021) expressed the peak erosion width
due to storm waves as a function of beach response and recovery
factors by applying shoreline survey data and ODEmodel results.
In addition, Kim et al. (2021) and Lim et al. (2021) verified that
the shoreline survey data collected for many years follows a
Gaussian distribution. Moreover, a method for statistically
estimating the peak erosion width due to storm waves is
proposed. In this study, a methodology to extract the beach
recovery factor will be proposed by comparing two ways in
which. Also, this paper studies how the beach recovery factor
changes according to the wave and sand characteristics. The
variability of the shoreline was analyzed from shoreline survey
data obtained from the east coast of Korea for about 10 years, and
this result was applied to reveal that the beach recovery factor can
July 2022 | Volume 9 | Article 906209
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also be a function of the median grain size. Lastly, the
applicability of this approach was verified by using CCTV
monitoring data obtained from Maengbang Beach in East Sea.
Figure 1 shows how the research was conducted to extract the
beach recovery factor. If conditions are not given to carry out
this, the result may be limited to the east coast of Korea, but it
can be a means to estimate from the median grain size
value easily.
2 ESTIMATION OF BEACH
RECOVERY FACTOR

2.1 Beach Recovery Factor in Shoreline
Response Model
Recently, Kim et al. (2021) proposed a bulk response model of
the shoreline by the horizontal behavior of suspended sediment.
The governing equation of their proposed model showed the
type of ODE type similar to that of the shoreline response model
proposed by Miller and Dean (2004). And a correlation of about
74% was obtained by substituting the predicted wave data as the
input data of the model and comparing it with the shoreline
fluctuation data obtained through CCTV analysis conducted by
Montaño et al. (2020) at Tairua Beach, New Zealand (Lim et al.,
2022). Recently, Lee et al. (2022) extended this model to a beach
profile convergence model that can be simulated even in the
macro-tidal environment and applied it to Tairua Beach to verify
its applicability to real sea.

The shoreline response model (SLRM) governing the episodic
changes in shoreline position due to storm wave incidence is
given in Eq. (1) below.

dy
dt

=kr
Eb

ar
−y

� �
(1)

where y is the shoreline erosion width (positive value), kr is a
coefficient related to the recovery rate of the eroded shoreline as
the beach recovery factor, and ar is the beach response factor,
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which is a proportional constant between the wave energy at the
breaking point and the equilibrium shoreline position as studied
by Yates et al. (2009). And Eb is the wave energy at the breaking
point defined by Yates et al. (2009) as

Eb=Hs,b
2=16 (2)

Where Hs,b is the significant wave height at breaking point.
And the unit of breaking wave energy Eb is m

2.
If constant wave energy is incoming, the solution of the ODE

model for Eq. (1) is as follows.

y=
Eb

ar
1−exp −krtð Þ½ � (3)

After the equilibrium is reached and incident wave energy
suddenly disappears, the shoreline position from that moment
yields as follows.

y=
Eb

ar
exp −krtð Þ (4)

Based on the above equations, the beach recovery factor
directly affects how the shoreline responds. On the other hand,
the beach response factor ar determines the ultimate shoreline
position, which is subject to impacts on the incidence of constant
wave energy. An approximate solution to obtain the beach
response factor ar can be obtained as follows (Kim and Lee,
2018).

ar≅
gA3=2

16

~Hbffiffiffiffiffiffiffiffiffiffiffi
~Hb=g

q
−f

0
B@

1
CA (5)

Here, A is a beach scale factor, y is a breaking index and ~Hb is
a representative breaking wave height. According to the study of
Kim and Lee (2018), beach response factor ar is almost the
straight line in the high wave energy zone, not in the zone where
incoming wave energy is low. Supplementary Figure 1 shows an
FIGURE 1 | Process showing how the research is conducted to extract the beach recovery factor.
July 2022 | Volume 9 | Article 906209
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equilibrium shoreline position caused by the wave energy and the
beach response factor ar can be estimated from the slope of the
correlation curve. In addition, the slope of the curve is nearly
constant in the high wave energy zone. This means that the beach
response factor ar is nearly constant in the storm wave range.
Kim et al. (2021) applied a representative wave height ~Hb of 6m
to the storm wave. However, it is necessary to study whether the
value is representative of storm waves in all regions. And a
proportional constant f = 1.51 m1/2 was proposed. Kim et al.
(2021) obtained reasonable agreement by comparing the beach
response factor ar obtained from Eq. (5) with that obtained from
the California field observation data of Yates et al. (2009).

Also, Eqs. (3)-(4) show that the beach recovery factor kr
directly affects time required to reach the equilibrium when the
shoreline recovers or retreats. However, there seems to be no
doubt that researches on the beach recovery factor kr are
lacking yet.

2.2 Peak Erosion Width
2.2.1 Formula for Peak Erosion Width by Elapsed Time
Kim et al. (2021) presented a method for easily determining the
beach recovery factor kr from the characteristics of the ODE
expression of Eq (1). In Eq (1), dy/dt becomes 0 when the peak
erosion width occurs based on the ODE type. Therefore, when the
elapsed time frompeakwave height to peak erosion is t by applying
the storm wave scenario function of Kim et al. (2021) as a storm
wave event, the peak erosion width ypeak is expressed as below.

ypeak =
Eb tð Þ
ar

(6)

Kim et al. (2021) found the elapsed time t as a function of
only the beach recovery factor kr independent of the beach
response factor ar through numerical analysis. Kim et al.
(2021) expressed the following equation to calculate the peak
erosion width ypeak as a function of the average annual wave,

�H the incident wave conditions
Ho

p and Eb, and the beach characteristic factors ar and kr.

ypeak=a1
Ho

p

�H

� �a2 ka3
r Eb

ar
(7)

Here, the three coefficients a1, a2, and a3 have values of 1.5,
-0.275, and 0.911, respectively.

2.2.2 Statistical Analysis for Peak Erosion Width
Assuming that the probability distribution of shoreline variation
follows a normal distribution, the relation of the return
frequency F to the seasonal maximum variation

ysF is given in terms of the standard deviation s as follows.

F=1−
1
2

1+erf
ysF
s

ffiffiffi
2

p
� �� �

(8)

However, since what we want to obtain corresponds to
approximately the maximum fluctuation range ydF for daily
observed data, an additional conversion factor a given in terms
of return frequency F is required.
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a Fð Þ= 60F+3:6½ �1=4 (9)

Therefore, the following relation is applied to obtain the
maximum variation ydF for data observed daily from data
observed once per season.

ydF Fð Þ=a Fð ÞysF F,sð Þ ¼ b Fð Þs (10)

where b is the total multiplication factor to the standard
deviation and ysF is obtained from Eq. (8) according to F and
s. Table 1 shows the factors that should be multiplied according
to the return frequency using the standard deviation assuming
that the shoreline observation data follows a normal distribution.

Supplementary Figure 2 is the result of comparing shoreline
evolution data extracted from CCTV almost every day from 1999
to 2017 at Tairua Beach, New Zealand to confirm the validity of
this methodology (Montaño et al., 2020). By comparing it with
the results of Eq. (10), almost similar results were obtained.

2.3 Estimation of Beach Recovery Factor
As described in Section 2.2, there are two methods for estimating
the peak erosion width caused by storm waves. The approximate
equation proposed by Kim et al. (2021) requires the extraction of
beach characteristic factors ar and kr to obtain the peak erosion
width. On the other hand, a sufficient number of shoreline survey
data is required for statistical analysis to obtain the peak erosion
width. Therefore, if the shoreline survey data have been
accumulated enough for statistical analysis, the beach recovery
factor can be estimated by comparing the two methods. If we
equalize Eqs. (7) and (10), we get the following result for any
return frequency F.

ypeak Fð Þ=a1

Ho
p,F

�H

� �a2 ka3
r Eb,F

ar
=b Fð Þs (11)

If we arrange Eq. (11) for the beach recovery factor kr we want
to obtain, it is as follows.

ka3
r ≅

b
a1Eb,F

Ho
p,F

�H

� �−a2

ars=dars (12)

where, d is the same as the following equation.

d= b(F)
a1Eb,F

(
Ho

p,F
�H )−a2 (13)
TABLE 1 | Conversion rate and daily/seasonal variation extent according to
return period.

frequency
F (1/year)

return
period 1/F

(year)

frequency con-
version factor

ysF=sa

data interval
conversion
factor g

multiplication
factor b

0.500 2 1.150 2.4076 2.769
0.200 5 1.650 1.9874 3.279
0.100 10 1.960 1.7602 3.450
0.050 20 2.240 1.6028 3.590
0.033 30 2.400 1.5369 3.689
0.020 50 2.580 1.4802 3.819
0.010 100 2.810 1.4316 4.023
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Kim et al. (2021) analyzed the extreme value of wave height by
using 40-year hindercasting data provided by National Oceanic
and Atmospheric Administration (NOAA) with the application of
the Gumbel method. Figure 2 shows how a coefficient d changes
depending on return frequency F and peak wave height Ho

p,F as a
function of F by applying the result of Kim et al. (2021) into Eq.
(13). Since the standard deviation and the beach response factor ar
are expressed by the beach scale factor A, it is assumed that the
coefficients have no effect on the frequency and the variation of kr
by frequency is shown in Figure 2. Therefore, when the frequency
decreases or the incident wave height increases, the kr value tends
to increase somewhat. However, it can be concluded that it is
possible to apply almost the same value.

3 SHORELINE VARIABILITY AT THE
KOREAN EAST COAST

In the east coast of Korea, littoral cells are classified based on
relatively large-scale rivers, that are sources of incoming
sediments, and the section judged to greatly restrict sediment
movement in the direction of longshores, such as capes, was
defined as the boundary of littoral cells. The littoral cells are
classified into five shoreline types, such as straight, bow, beak,
basket, and pocket-shaped, as shown in Supplementary
Figure 3. Considering the inflow of rivers and longshore
sediment transport, the total coastline of about 110 km from
Myeongpa Beach in Goseong-gun (GW01) near the DMZ in
Gangwon-do to Wolcheon Beach in Samcheok-si (GW41), the
southern boundary of Gangwon-do is divided into 41 littoral
cells. Most of the coast is made up of pure sandy beaches due to
active littoral drift from the north. For each littoral cell, a
reference line is set at an interval of about 300 m, and a total
of 330 reference points are installed within the 41 field systems
(The province of Gangwon, 2020).

Since 2010, shoreline surveys have been conducted four times
a year in consideration of seasonal effects, and seafloor quality
surveys to analyze the median particle size of sand through
Frontiers in Marine Science | www.frontiersin.org 5
sampling have been conducted twice a year in winter and
summer. Table 2 presents the basic information such as the
shoreline type, number of survey data, average standard
deviation of shoreline, and average representative particle
diameter for each geologic system located in Figure 3 (The
province of Gangwon, 2020). Except for 2 rocky shores (GW28
and GW37) and 1 unobservable section (GW35) of the 41 littoral
cells, the shorelines of the remaining 38 littoral cells are classified
into 13 straight, 12 bow, 8 beak, and 5 basket types.

In this study, littoral cells of straight shoreline-type with
minimal wave deformation were used to increase the reliability
in estimating the beach recovery factor kr. Although the beaches
included in the littoral cell of GW14 and GW41 are straight
types, they were excluded from the analysis target due to severe
shoreline deformation caused by indiscriminate construction of
coastal structures. And in order to minimize the effect of
longshore sediment transport, only median grain size data and
shoreline survey data from the central region away from both
ends of the littoral cell were applied. Table 3 shows the
representative littoral cell information used in this study. And
Figure 4 shows the probability distribution of shoreline change
data surveyed on 11 representative beaches of the east coast.
Most of the distributions follow a normal distribution. In
Table 3, A is a factor related to D50 in swash zone, which was
obtained from the table presented by Dean (1977).
4 EXTRACTION OF BEACH RECOVERY
FACTOR FROM MEDIAN GRAIN SIZE

Figure 5 shows the relationship between the median grain sizeD50

and the shoreline standard deviation s, which indicates shoreline
variability, as presented in Table 3, and the standard deviation
value tends to decrease as the median grain size increases. In other
words, the larger the grain size of the sand, the smaller the erosion
width. The standard deviation shows the correlation as shown in
the following equations according to D50 and A.

s=−4:04 D50+11:64 (14a)

s=−42:84 A3=2+12:08 (14b)

For the median grain size D50 (i.e., Eq. (14a)), the determination
coefficient (R2) of observed results and trend line is 0.798 (adjusted
R2 = 0.776 ; p-value = 2.12 ×10-6 ).And for the beach scale factor A
(i.e., Eq. (14b)), the determination coefficient (R2) of those results is
0.794 (adjusted R2 = 0.771 ; p-value = 2.34 ×10-6). These results
show that the sand grain size plays an important role in short-term
shoreline changes.

Figure 6 shows the trends of median grain size D50 and beach
scale factor A with kr/ar. Since the sand on the east coast is
mainly composed of quartz, the distribution of specific gravity
was found to be in the range of 2.0 to 2.7. And the porosity was
investigated to have 0.4.

Therefore, whenD50 is close to 0, it is expected to react without
resisting even a small shear stress. Thus, although the erodibility is
FIGURE 2 | d value according to the peak height of a storm wave event in
the deep sea Ho

p,F nd return frequency F.
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expected to increase considerably, it is expected to have yielding
erodibility rather than infinity. Additionally, as D50 is large,
erodibility may tend to decrease continuously, so it is expected
to show a high correlation with the exponential function or the
inverse function. Figure 6 shows a correlation between sand
characteristics and two factors (i.e., beach response and recovery
factors) that have impacts on beach erosion. Figure 6A shows a
yielding value of ar/kr from 0.0636 atA = 0 (unit: m·day) and tends
to decrease as D50 increases. Figure 6B shows a yielding value of
ar/kr is 0.0524 at A = 0. It tends to decrease as A increases.
However kr/ar that is the reciprocal of results obtained from
Figure 6 is a function of D50 and A as follows.

kr
ar

= 0:0649D50+0:0636ð Þ−1≅ 16
1+D50ð Þ (15a)

kr
ar

= 0:7329A3=2+0:0524
� �−1

≅
20

1+14A3=2
	 
 (15b)

For the median grain size D50 (i.e., Eq. (15a)), the determination
coefficient (R2) of observed results and trend line is 0.883 (adjusted
Frontiers in Marine Science | www.frontiersin.org 6
R2 = 0.854 ; p-value = 1.87 ×10-6). And for the beach scale factor A
(i.e., Eq. (15b)), the determination coefficient (R2) of those results is
0.980 (adjusted R2 = 0.975 ; p-value = 1.87 ×10-6 ).These results show
that the sand grain size plays an important role in short-term
shoreline changes. It is advantageous to estimate the beach
recovery factor kr using the beach scale factor A rather than the
median grain size D50.

In Eqs. (15a) and (15b), the beach response factor ar can be
obtained using Eq. (5). And by applying g = 0.55,~Hb = 6 m, and
f = 1.51, which is usually applied to the representative significant
waves, it has a value of g ~Hbffiffiffiffiffiffiffiffi

~Hb=g
p

−f
= 1:84. Therefore, if the beach

response factor ar is expressed only as a function of the beach
scale factor A, it is as follows.

ar=
A3=2

16
g ~Hbffiffiffiffiffiffiffiffiffiffiffi
~Hb=g

q
−f

0
B@

1
CA=0:115A3=2 (16)

Similarly, the beach recovery factor kr is also approximately
expressed as a function of only the beach scale factor A as
follows.
TABLE 2 | Basic information of littoral cells in Gangwon-do (The province of Gangwon, 2020 ).

littoral Cell No. beach name shoreline shape shoreline survey No. standard deviation s (m) median grain size D50 (mm)

GW01 Myeongpa ~ Daejin bow type 39 6.2448 0.568
GW02 Chodo bow type 39 6.3512 0.722
GW03 Hwajinpo bow type 39 9.4510 0.498
GW04 Geojin/Songpo beak type 39 6.2787 1. 324
GW05 Banam ~ Gajin straight type 39 5.9544 1.310
GW06 Gonghyeonjin beak type 39 6.1725 0.803
GW07 Gonghyeon-2ri ~ Oho pocket type 39 10.9655 0.472
GW08 Bongsudae ~ Jajakdo beak type 39 8.2409 0.464
GW09 Baekdo bow type 39 3.8781 0.788
GW10 Gyoam/Ayajin bow type 39 6.8601 0.841
GW11 Cheonggan bow type 39 1.9532 1.959
GW12 Cheonjin/Bongpo beak type 39 6.2699 1.095
GW13 Kensingtonseorak/Yongchon straight type 39 5.1717 1.538
GW14 Jangsa/Yeongnang/Deungdae straight type 39 2.9743 1.539
GW15 Cheongho ~ Oeongchi beak type 39 7.9838 1.115
GW16 Mulchi ~ Seorak beak type 39 5.4402 0.751
GW17 Naksan/Osan straight type 39 9.7793 0.720
GW18 Dongho/Hajodae straight type 39 10.2293 0.526
GW19 Gisamun ~ Dongsan bow type 39 8.6570 0.498
GW20 Dongsan/Jukdo bow type 39 7.8681 0.391
GW21 Ingu/Gwangjin bow type 39 3.7839 0.762
GW22 keunbadanam-ae ~ Nam-ae-3ri straight type 39 11.2060 0.440
GW23 Nam-ae-1ri ~ Jigyeong straight type 39 7.0820 0.721
GW24 Gyohang/Yeongjin beak type 39 10.5729 0.771
GW25 Yeongok ~ Sacheonjin straight type 39 7.0367 1.211
GW26 Sacheon ~ Anmok straight type 39 7.4000 1.173
GW27 Namhangjin ~ Yeomjeon straight type 39 9.8556 0.984
GW29 Deungmyeong ~ Jeongdongjin bow type 39 8.2753 0.763
GW30 Geumjin/Okgye pocket type 39 7.2376 0.552
GW31 Dojik ~ Daejin straight type 39 8.0342 0.551
GW32 Eodal bow type 39 5.7702 0.359
GW33 Hapyeong/Hanseom beak type 39 3.8279 0.977
GW34 Chuam ~ Samcheok bow type 39 9.1413 0.586
GW36 Hanjaemit ~ Deoksan straight type 39 7.6665 0.721
GW38 Gungchon ~ Munam pocket type 39 7.8479 0.980
GW39 Yonghwa/Jangho pocket type 39 4.3826 0.739
GW40 Imwon pocket type 39 3.2710 1.039
GW41 Wolcheon/Gopo straight type 39 4.2407 1.367
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(17)
The beach response factor ar and beach recovery factor kr

were obtained as a function of D50 and A as given in Eq. (15).
Therefore, sand grain size is the most dominant physical factor in
estimating beach erosion and longshore sediment transport rate
according to storm wave incidence. Table 4 shows the beach
Frontiers in Marine Science | www.frontiersin.org 7
response factor ar and beach recovery factor kr were obtained
according to D50, assuming that the sand of the beach in
Gangwon-do, Korea, flows from the watershed through the
river, and the main component is quartz sand with a specific
gravity of 2.65 and a porosity of 0.4. Using this, the beach
recovery factor kr and the beach response factor ar can be
obtained relatively easily using only the median grain size or
beach scale factor. Lee et al. (2022) extracted the beach recovery
factor from the median grain size using Eq. (17) and simulated
not only the change of the shoreline position but also the change
TABLE 3 | Averaged standard deviation of shoreline change and averaged median grain size on the littoral cells of straight shoreline-type.

littoral cell base line standard deviation s (m) median grain size D50 (mm) beach scale factor A (m1/3)

GW05 10 ~ 13 6.2927 1.252 0.230
GW13 3 ~ 6 5.0177 1.611 0.259
GW17 2 ~ 5, 8 ~ 11 8.9235 0.736 0.188
GW18 3 ~ 18 10.0762 0.538 0.166
GW22 3 ~ 5 10.7536 0.429 0.150
GW23 7 ~ 14 7.5095 0.747 0.189
GW25 3 ~ 10 6.8473 1.224 0.228
GW26 3 ~ 10, 19 ~ 27 7.1492 1.175 0.224
GW27 6 ~ 10 8.6255 1.036 0.213
GW31 4 ~ 11 8.6750 0.582 0.171
GW36 4 ~ 10 7.5972 0.719 0.187
July 2022
FIGURE 3 | Location of littoral cells in Gangwon-do (The province of Gangwon, 2020).
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A B

FIGURE 5 | Correlation curve between grain size of sand and standard deviation: (A) median grain size D50; (B) beach scale factor A.
B C D

E F G H

I J K

A

FIGURE 4 | Probability distributions of shoreline data surveyed on 11 representative beaches of the east coast of Korea: (A) GW05 (B) GW13 (C) GW17 (D) GW18
(E) GW22 (F) GW23 (G) GW25 (H) GW26 (I) GW27 (J) GW31 (K) GW36.
A B

FIGURE 6 | Correlation curve between grain size of sand and ar/kr: (A) median grain size D50; (B) beach scale factor A..
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of the beach profile using the calculated value at Tairua Beach,
New Zealand.
5 DISCUSSION

In this study, beach response factor was estimated in terms of
sand grain size by equating the statistical characteristics of the
maximum erosion width by frequency obtained from long-term
observation data with the formula of the peak erosion width
obtained through numerical model experiments by applying the
storm wave scenario function. In order to discuss the validity of
this methodology, therefore, the temporal change of shoreline
obtained by applying the beach recovery factor value given from
the grain size of the sand at Maengbang Beach into ODE SLRM
was compared with the shoreline evolution data using closed
circuit television (CCTV).

The study site, Maengbang Beach, Samcheok-si, Gangwon-
do, Republic of Korea is located in littoral cell GW 36 on the
east coast (Figure 7). Maengbang Beach is a straight coast with
a coastline of about 4.6 km in the northwest to southeast (NE-
Frontiers in Marine Science | www.frontiersin.org 9
SE) direction, and has an average beach width of about
48 m (Figure 7).

Since 2010, the median grain size of sand at Maengbang
Beach has been investigated twice a year (Table 5), and as a
result, it is found that the median grain size is 0.69 mm. In
addition, the standard deviation of the observed data is 0.14 mm,
and it can be seen that the median particle size of the sand is at a
99% significance level from 0.33 mm to 1.05 mm. And it means
that the beach recovery factor kr has a value of 0.0862 day-1 and
the beach response factor ar has a value of 0.00906 m (see
Table 4). As the wave data for SLRM simulation, the NOAA
wave data (37.5°N, 129.5°E; Figure 7B) located closest to
Maengbang Beach was applied. Supplementary Figure 4
shows the wave height and wave energy at the breaking point,
which is data at 3-hour intervals from August 22, 2015 to
September 20, 2015.

Lim et al. (2022) recognized that the location of the shoreline
extracted from CCTV images is affected by wave set-up and
reflected this in the process of simulating SLRM to obtain
numerical model results that are more similar to observations.
In this study, the effect of wave set-up.

�h was included in the numerical model results using the
simple formula of Longuet-Higgins and Stewart (1964) as shown
below.

�h=
3g2=8

1+3g2=8
Hb=mHb (18)

where, m becomes 0.1 for the breaking factor g of 0.55. And the
retreat of the wetting line on the CCTV image due to wave set-up
was also approximated by applying the swash zone slope
equation of Kim et al. (2014).

In addition, the average tidal level of Maengbang Beach is
about 16.9 cm, and although the effect of the tide is not large, the
effect of the tide is included in order to eliminate the discrepancy
caused by the tide. The tide record measured at the Donghae Port
tidal station (37°29’ N, 129°8’ E), which is located closest to
Maengbang Beach, was used, and the data was provided by the
Korea Hydrographic and Oceanographic Agency (KHOA).
Supplementary Figure 5 shows the tide fluctuation at 1-hour
interval for the duration for which comparison study is made.
Since the SLRM in this paper did not reflect the effect of wave set-
FIGURE 7 | Location of Maengbang Beach: (A) sand and shoreline data (B) NOAA data (Google Earth Image).
TABLE 4 | kr and ar according to the median grain size of sand.

median grain
sizeD50 (mm)

beach scale
factor A (m1/3)a

beach recovery
factor kr (day

-1)
beach response
factor ar (m)

0.10 0.063 0.0298 0.00182
0.15 0.084 0.0418 0.00280
0.20 0.100 0.0504 0.00364
0.25 0.115 0.0580 0.00448
0.30 0.125 0.0628 0.00508
0.35 0.135 0.0673 0.00570
0.40 0.145 0.0716 0.00635
0.45 0.153 0.0749 0.00688
0.50 0.161 0.0780 0.00743
0.55 0.167 0.0803 0.00785
0.60 0.173 0.0824 0.00827
0.65 0.179 0.0845 0.00871
0.70 0.185 0.0866 0.00915
0.75 0.190 0.0880 0.00949
0.80 0.194 0.0895 0.00983
0.85 0.198 0.0907 0.01013
0.90 0.202 0.0919 0.01044
0.95 0.206 0.0931 0.01075
1.00 0.210 0.0943 0.01107
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up and tides, the model was simulated by reflecting the change in
sea levels caused by these effects.

To verify the validity of the methodology proposed in this
study, the shoreline evolution data of Maengbang Beach were
extracted using CCTV. Shorelines were extracted from geo-
rectified images following the method of Lippmann and
Holman (1989). Figure 8 shows a geometrically corrected
image of CCTV data on Maengbang Beach. To extract
shoreline data from the CCTV, it is important to define the
location of the shoreline. Thus, a great number of researches
have been conducted to define it from the past (Lippmann and
Holman, 1989; Plant and Holman, 1997; Boak and Turner
(2005). For the paper, CCTV images were captured
continuously for a certain period of time and then
compounded. On the image, the swash zone is clearly seen in a
Frontiers in Marine Science | www.frontiersin.org 10
white band shape, which makes it possible to extract the
shoreline for the paper (Lippmann and Holman, 1989; Plant
and Holman, 1997). In addition, if the data was taken on a day
with high wave height, it was removed to minimize the effects of
large swash excursion in extracting the shoreline from the image
(Davidson and Turner, 2009).

Figure 9 is a figure comparing the SLRM results to which the
beach recovery factor kor extracted by Eqs. (16)-(17) is applied
with the CCTV Shoreline evolution data. For SLRM, the beach
response factor aor of 0.00906 m and the beach recovery factor kor
of 0.1293 day-1 obtained for D50 = 0.69 mm of Maengbang beach
were applied. When these values were applied, a correlation
coefficient (Rxy) of 0.963 and a root mean square error (RMSE)
of 1.484 m were obtained through consistency analysis with the
observed values. In addition, in order to confirm that the beach
recovery factor kor and the beach response factor aor have optimal
values in a certain range, each parameter was changed and
consistency analysis was performed (Table 6). There is no
problem using the factor of kor and aor , but if there are factors
that affect the shoreline change, such as the topographic
environment, besides D50, it is necessary to reflect the factors.
6 CONCLUSION

The beach recovery factor is a representative physical coefficient
that governs the short-term change of the shoreline position.
This factor governs the characteristic of the sediment being
separated from the beach profile due to the energy dissipation
of the storm wave and then horizontally returning to the original
beach position by the wave force of continuously incoming
normal wave (Kim et al., 2021; Lim et al., 2022). In this study,
an estimation formula for the beach recovery factor was
presented as a function of the median grain size D50 (or beach
FIGURE 8 | Geometry correction of CCTV images at Maengbang Beach.
TABLE 5 | Observation of median grain size at Maengbang Beach (The province
of Gangwon, 2020).

Date (yyyy.mm.dd) median grain size D50 (mm)
Sampling No.1 Sampling No.2

2010.08.04 0.752 0.623
2010.11.08 1.075 0.586
2011.05.24 0.599 0.935
2011.10.17 0.668 0.616
2012.12.14 0.584 0.713
2013.03.28 0.610 0.728
2013.10.05 0.781 0.697
2014.04.16 0.734 0.617
2015.05.18 0.653 0.492
2015.07.31 0.800 0.503
2016.05.21 0.767 0.611
2016.11.03 0.980 0.774
2017.04.15 0.813 0.613
2017.10.27 0.725 0.652
2018.05.27 0.524 0.469
2018.10.23 0.597 0.806
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scale factor A) almost regardless of the incoming wave
magnitude. The physical parameter was identified when
ignoring the alongshore effect of sediment moving along the
coast, such as longshore sediment transport.

As a methodology to present the beach recovery factor as a
function of beach scale factor A, the maximum erosion width by
return frequency statistically obtained from shoreline survey data
was treated as the same as the formula for peak erosion width
proposed by Kim et al. (2021). Shoreline survey was conducted
over 10 years in Gangwon-do, Korea. Since the beach recovery
factor obtained for each frequency is almost constant, it has little
to do with the magnitude of the incoming wave energy and is
considered to be a function of only the particle size of the sand.
And by applying it to Maengbang Beach in Korea, a satisfactory
simulation was obtained with an error of 1.484m as a result of
applying the tidal and set-up effect into short-term shoreline
change. The east coast of Korea is an environment with little
influence of tides, with a tidal range of only 0.3 m. Therefore, the
beach recovery factor obtained in this way can be applied to
coastal environments with reduced astronomical tidal ranges
such as the east coast, but the results of this study on the response
of high tidal beaches with large tidal influences may be limited.
Frontiers in Marine Science | www.frontiersin.org 11
By applying the beach recovery factor suggested as a
function of the median grain size in this study, the peak
erosion width of the target wave can be predicted
quantitatively and relatively accurately. Therefore, it is
expected to be utilized as a concrete and practical means for
coastal management in preparation for the current state and
future threats of coastal erosion. The shoreline model
mentioned in this paper deals only with cross-shore sediment
transport. However, if the influence of longshore sediment
transport is reflected together, it is possible to extend the
shoreline change model including episodic erosion. Thus, it is
expected that it will play an important role in improving the
reliability of the shoreline change model in such a case.
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TABLE 6 | Results of consistency index based on the response factor and recovery factor of Maengbang Beach.

Consistency analysis ao
r � 0:50 (m) ao

r � 0:75 (m) ao
r � 1:00 (m) ao

r � 1:25 (m) ao
r � 1:50 (m)

Rxy

kor � 0:50 (d−1) 0.731 0.901 0.953 0.945 0.919

kor � 0:75 (d−1) 0.825 0.931 0.959 0.947 0.919

kor � 1:00 (d−1) 0.883 0.948 0.963 0.948 0.922

kor � 1:25 (d−1) 0.916 0.958 0.965 0.950 0.926

kor � 1:50 (d−1) 0.936 0.963 0.965 0.951 0.929

RMSE (m)

kor � 0:50 (d−1) 3.287 1.905 1.685 1.805 1.978

kor � 0:75 (d−1) 3.823 1.710 1.200 1.396 1.693

kor � 1:00 (d−1) 4.983 2.373 1.484 1.456 1.699

kor � 1:25 (d−1) 6.450 3.381 2.174 1.840 1.900

kor � 1:50 (d−1) 8.011 4.451 2.941 2.341 2.200
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FIGURE 9 | Comparison with shoreline data extracted from CCTV image and model results of SLRM applying the beach recovery and response factors of Eqs.
(16)-(17).
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