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Artificial developments such as dams and harbors can cause serious beach problems by
blocking sediment drift from the river. These problems alter the sediment budget, which in turn
can lead to long-term shoreline retreat. In this paper, we present the background erosion due to
gradual decreases in sediment supply based on sediment mass conservation. The proposed
methodology is validated using aerial maps of Korean beaches from the 1970s to the 2010s.
Furthermore, we discuss the application of the proposed methodology to beach nourishment
according to the time to converge to equilibrium beach area. It is expected that the methodology
of this paper can be used to predict and respond to problems caused by changes in sediment
budget.

1. Introduction

Rivers act as conveyors to transport large amounts of sediment from the land to the ocean.(!-
These acts play an important role in geologic and geochemical cycles, as well as in coastal
environments. However, man-made developments (e.g., dams and harbors) disrupt the continuity
of river and coastal systems that transport sediment from rivers to coasts.®) In the second half of
the 20th century, approximately 45000 large dams and 800000 small dams were built worldwide,
a nearly 10-fold increase from 1950.0) It is estimated that more than 30% of the sediment flux is
trapped upstream of dams owing to vast amounts of construction.”) Subsequently, the global
sediment cycle from the river to the coast has been significantly reduced.®

Littoral cells (i.e., beach compartments) provide the basic knowledge needed to understand
the source, transport, sinking, and storage of sand along the nearshore coast. In a typical beach
compartment, littoral transport begins at a rocky headland or artificial harbor where updrifts
limit the supply of sand. Sediments enter the littoral cell primarily from coastal streams and cliff
erosion, and are transported alongshore under the effects of prevailing wave conditions.®) On the
other hand, sand is lost from the system or cell either through a submarine canyon, a coastal
dune field, or in some cases, by sand mining. The difference between the amount of sediment
lost and gain in a single littoral cell is called the sediment budget.!?”
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Bowen and Inman(!) attempted to estimate sediment budgets for littoral cells along the
central coast of California, which became a valuable reference for subsequent studies. However,
owing to spatial and temporal variations, it is difficult to accurately quantify the sediment
budget of littoral cells from coastal streams and cliff erosion.(1%13) Beaches maintain their shape
by balancing the sediment budget in a littoral cell. This indicates that the beaches in the coastal
cell respond by balancing sediment losses and gains, eventually reaching equilibrium.(4-16)
However, if the sediment budget is altered, such as by beach sand extraction or the construction
of dams/harbors, the shoreline will move backward to reach another equilibrium.(4-18)

Recently, Lee and Lee(!¥) have proposed an equation to estimate the long-term beach retreat
due to a change in sediment budget through sand mass conservation. They derived the equation
by assuming that the sediment gain and loss rates are constant because these parameters are
difficult to accurately predict. However, after the construction of dams or harbors, the source of
sediment is not immediately reduced, but gradually. Therefore, in this paper, we propose an
equation for a sediment budget that reflects the gradual reduction of a sediment source due to
man-made structures. We validate the proposed methodology by applying it to beach area
changes obtained from aerial maps.

In this regard, optical remote sensors, particularly aerial photographs acquired by airborne
optical cameras, play an indispensable role in the present study. Previous studies have
demonstrated that historical aerial photographs and other time-series optical images can provide
reliable shoreline-position records for assessing long-term coastal change, particularly in data-
scarce environments.(122) These remotely sensed shoreline and beach-area datasets are also
well suited for deriving shoreline-change statistics and for supporting the calibration and
validation of predictive coastal-evolution models.*>~2%) Therefore, the quantitative beach-area
data extracted from such optical sensor records serve as the essential observational basis for the
proposed predictive model, thereby linking historical shoreline tracking with the modern
predictive modeling of coastal change.

2. Background Erosion According to Sediment Source Reduction Rate
2.1 Existing study on background erosion due to decrease/increase in sediment supply

Lee and Lee("™ proposed an equation for the change in the sediment volume of littoral cells
due to the development of watershed/coast areas and the extraction of sea sediments from the
law of mass conservation. According to the law of mass conservation, the amount of sediment on
the beach satisfies the following equation:

av
E - Qin - Qouﬂ (1)

where V' is the beach volume at time ¢, Q,), is the sediment gain rate into the littoral cell, and Q,,,,
is the sediment loss rate from the littoral cell.

The sediment budget can be broadly divided into gain/loss caused by sources and wave
incidence.(*15) The sediment budget caused by sources refers to the amount of sediment gain
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and loss, for example, in rivers and ports, etc. On the other hand, the sediment budget caused by
wave incidence refers to the difference between the sediment suspended by wave energy and the
sediment inflow by continuous wave incidence. Suspended sediment is constant as long as the
wave climate does not change; however, the sediment inflow by waves varies depending on the
beach volume. Therefore, Lee and Lee!¥) derived the following equation by assuming that the
sediment loss rate due to waves is a constant:

dv
—=AQ,-KV. 2
o A0 @

Here, AQ,, is the sediment budget caused by sources and K [y is the offshore sediment loss
rate. Moreover, assuming that the vertical height of the littoral cell is constant as the shoreline
changes owing to the sediment budget deficit, Eq. (2) can be expressed as

d4 1
—=—AQ0, -KA
dt D, 9 ’ ®)
where A4 is the beach area at time ¢ and Dy is the vertical height of the littoral cell, which is the
sum of berm height and closure depth. If the beach area does not change owing to reaching
equilibrium, the following equation is satisfied:

AQ, = KAD @

1778y

where 4; is the initial beach area before the construction of dam/harbor structures. However,
when dams or harbors are built in the littoral cell, the equilibrium beach area changes because
the sediment budget caused by sources decreases. If the construction of a dam/harbor results in
the sediment discharge being o percent less than before, the following relationship is satisfied:(14)

dA
—=K(ad —A). 5

U _k(ad-4) ®
Here, a is the sediment reduction rate from rivers. Lee and Lee(! assumed that the sediment
reduction rate is constant. By solving Eq. (5), the governing equation is obtained as

At = (1-0)A; + adexp(—K?). 6)

According to the above equation, the beach area converges to the new equilibrium depending
on the sediment reduction rate. Figure 1 shows the temporal changes in 4/4; according to the
offshore sediment loss and sediment reduction rates. Figure 1 shows that all results converge to
(I — o) over time. In addition, Fig. 1 shows that the greater the offshore loss rate, the faster the
convergence to equilibrium.
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Fig. 1. (Color online) Temporal changes in 4/4; according to offshore sediment loss and sediment reduction rates.
2.2 Background erosion according to sediment source reduction rate

Lee and Lee('* derived the governing equations for background erosion by assuming that a is
constant over time. However, after dams or harbors are installed, it takes a certain amount of

time to converge to o, and the beach responds to the new equilibrium accordingly. Therefore,
assuming that a(?) is a value that changes linearly with time, the following equation is satisfied:

alt)="1 for i<, (7a)

a(t)=a, fort>T,. (7b)

Here, a,, is the sediment reduction rate owing to the construction of a dam or harbor structure
and 7, is the time duration it takes to converge to the sediment reduction rate. The equilibrium
beach area 4,, according to a(?) can be defined as

Ay =(1-a(1)) 4 ®

Therefore, by substituting Eq. (8) into Eq. (5), an equation for background erosion according to
the equilibrium beach area that changes with time is derived as

%zK(Aeq —A). )

By solving Eq. (9), the governing equation is obtained as
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A(t)= Ay +(4 — 4, )exp(-Kt), (10)

where 4, is the beach area preceding A(?) by time 7. Figure 2 shows the temporal changes in 4/4;
according to the offshore sediment loss rate and time duration when a, = 0.4. Figure 2 shows
that the longer the time duration, the slower the convergence to equilibrium.

In this study, a gradual sediment reduction model was formulated on the basis of beach area
because historical aerial photographs provide a practical means for model validation. However,
most shoreline response models, including one-line models, are expressed in terms of shoreline
position rather than beach area.292% By dividing the beach area by the shoreline length, the
proposed model can be readily transformed as a function of shoreline position as follows:

L= K (e =), (11)

where y is the shoreline position, defined as the beach area 4 divided by the shoreline length L.
The above equation is similar in form to the shoreline change model of Miller and Dean.?”)
While their model describes wave-induced shoreline response, the present model is governed by
sediment supply and loss within the littoral cell, making it suitable for long-term shoreline
evolution. This similarity suggests the potential for a hybrid model incorporating both processes.

3. Results
3.1 Study sites

In this section, the methodology of this paper is applied to two beaches (i.c., Maengbang
Beach and Sokcho Beach) located on the east coast of Korea [see Fig. 3(a)]. As shown in Fig.
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Fig. 2. (Color online) Temporal changes in 4/4; according to offshore sediment loss rate and time duration when
a,=0.4.
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3(b), the beach area of Maengbang Beach is preserved by sediments entering from the Osip-
cheon (river) estuary in the north and the Maeup-cheon (river) estuary at the center. However,
the sediment budget collapsed when Samcheok Port was built at the mouth of the Osip-cheon.
Likewise, Sokcho Beach, balanced by the sediment inflow from the Cheongchoho (lake),
suffered a collapse in its sediment budget due to the construction of Sokcho Port [see Fig. 3(c)].
Sokcho Beach and Maengbang Beach did not respond immediately after harbor structures were
constructed at both study sites. However, the beach area began to gradually decrease at some
point. Therefore, both regions implemented coastal management projects to reduce additional
damage caused by coastal development and wave climate.

The proposed methodology is applied to comprehend the long-term beach area change in the
two study sites using aerial photographs provided by the National Geographic Information
Institute (NGII), Republic of Korea. The common ground of these research branches is to
conduct an overlap analysis using remote sensing data, such as aerial photographs, or an
investigation of changes through in situ measurement. However, the most rational way to acquire
the material of the period is to analyze past imagery if there was no remote sensing data available
or insufficient measurement techniques existed. Figures 4 and 5 show a series of aerial
photographs after the installation of port structures at Maengbang Beach and Sokcho Beach,
respectively. Table 1 also shows the beach areas extracted from the aerial photographs. Here,
aerial photographs are used to ensure that wave climate does not affect the beach area.

3.2 Application of the proposed methodology

In this subsection, the proposed methodology is applied to the two research areas mentioned
above. The governing equation proposed by Lee and Lee('¥) was derived on the basis of physical

Maengbang Beach

Republic of
/" Kerea

A
N

Google Earth

Cheongchoho '
Lake

Fig. 3. (Color online) Study sites: (a) geographic locations, (b) overview of Maengbang Beach, and (c) overview of
Sokcho Beach (images from Google Earth).
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Fig. 4. (Color online) Changes in the beach area of Maengbang Beach from 1971 to 2017: (a) 1971, (b) 1988, (c)
2010, (d) 2011, (e) 2013, and (f) 2017 (images from NGII, Korea).
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Fig. 5. (Color online) Changes in the beach area of Sokcho Beach from 1979 to 2013: (a) 1979, (b) 1991, (c) 2005,
(d) 2010, (e) 2011, and (f) 2013 (images from NGII, Korea).

Table 1

Changes in the beach area of study sites.

Maengbang Beach Time (yr) 1971 1988 2010 2011 2013 2017
goang Area (m?) 413835 377526 305416 289703 292515 283065

Sokcho Beach Time (yr) 1979 1991 2005 2010 2011 2013

Area (m?) 49681 50137 45974 41822 41963 43727
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natural processes. However, coastal phenomena are a complex mixture of various natural
phenomena, making it impossible to accurately predict them.('S) Additionally, it is impossible to
quantitatively observe the amount of sediment supply and loss within a littoral cell. Therefore,
Lee and Lee(' estimated physical coefficients, such as offshore sediment loss and sediment
reduction rates from the beach width in reverse. In this study, we estimated and analyzed
physical coefficients that are difficult to estimate in coastal areas. Here, we assumed that the
initial beach area is in equilibrium.

Figure 6 shows the results of applying the methodology to Maengbang Beach. Here, the
offshore sediment loss rate (K), sediment reduction rate (), and time duration (7)) are 0.045 yr!,
0.4, and 22.2 yr, respectively. In addition, Fig. 7 shows the results of applying the methodology to
Sokcho Beach. Here, K, a, and 7, are 0.035 yr~ !, 0.3, and 28.6 yr, respectively. On the basis of the
applied results, K and 7, are estimated to be inversely proportional to each other. The correlation
between the two physical coefficients may be reasonable given that both are related to sediment
transport velocity.

As shown in Figs. 6 and 7, the conventional instantaneous reduction model predicts an abrupt
response immediately following sediment supply reduction, whereas the proposed model
reproduces the gradual adjustment observed in the field. Both study sites exhibit a clear gradual
decrease in beach area after a certain point in time, compared with when the port structures
were first built. The beach area of Maengbang Beach has been significantly reduced compared
with that of Sokcho Beach. Unlike Sokcho Beach, Maengbang Beach has another estuary in the
middle of the beach. Therefore, it is presumed that factors other than the construction of
Samcheok Port may have affected the sediment budget of Maengbang Beach.
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Fig. 6. (Color online) Predicted results of beach area responses at Maengbang Beach due to changes in sediment
budget.
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Fig. 7. (Color online) Predictected beach area responses at Sokcho Beach due to changes in sediment budget.

4. Discussion
4.1 Limitations

Sediment budgets have a significant positive/negative impact on coastal environments. Lee
and Lee(" derived a governing equation for shoreline changes caused by the sediment budget
based on sand mass conservation. The derived formula includes physical coefficients for
sediment supply and loss (i.e., offshore sediment loss and sediment reduction rates). However,
Lee and LeeU™ assumed that these coefficients are constant because they cannot be observed
precisely.

The beach gradually retreats when the sediment supply is affected by the construction of a
dam or harbor structure. These structures do not immediately reduce the supply of sediment to
the coast. In this paper, we propose a methodology to analyze beach area responses by gradually
decreasing the sediment reduction rate. However, it is nearly impossible to quantitatively analyze
how much/fast the sediment supply is changing.

The proposed methodology introduces the time duration, which is the time required for the
sediment supply to reach equilibrium. The time duration is defined assuming a constant
reduction rate. However, both the sediment reduction rate and time duration may vary under
changing environmental conditions. These parameters can be affected by factors such as river
discharge, wave climate, and the relative location of sediment sources and coastal structures. In
addition, extreme weather events, such as typhoons and severe storms, may temporarily alter
sediment transport processes.
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These coefficients such as sediment reduction rate and time duration are difficult to observe
and verify quantitatively. Therefore, assuming these coefficients as constant values may be
reasonable for practical applications, although this simplification limits the ability of the model
to account for their temporal variability. Future advances in artificial intelligence, numerical
modeling, and monitoring techniques are expected to improve the estimation accuracy of these
parameters.

4.2 [Elapsed time to converge to equilibrium in beach areas

To preserve coastal environments, it is necessary to analyze the elapsed time for beach area
changes due to a decrease in sediment supply. If sediment supply decreases instantaneously
without time duration 7, the elapsed time can be expressed as a function of the offshore
sediment loss rate K as follows.(1*)

In(1-m /100
Tmz_n(+) (12)

Here, 7,, represents the elapsed time taken to converge to m% of the equilibrium beach area. In
other words, the beach area decreases by ma4,/100 after the elapsed time z,,. However, 7,
becomes larger than the value calculated by Eq. (12) if the sediment supply gradually decreases
with the time duration 7,. Figure 8 shows numerical calculations of the elapsed time to
equilibrium convergence (25, 50, and 75%) according to offshore sediment loss rate K and time
duration 7,. The elapsed time required for Maengbang Beach to converge to 25, 50, and 75% of
its equilibrium is estimated to be 17.9, 27.5, and 42.9 years, respectively. On the other hand, for
Sokcho Beach, the elapsed time is estimated to be 22.9, 35.3, and 55.1 years, respectively. It is
expected that analyses of these elapsed times can be used in future coastal management plans,
such as beach nourishment.

4.3 Beach nourishment for responding to changes in sediment budget

Beach nourishment is one of the most immediate responses to changes in beach areas due to
reduced sediment supply. In this subsection, we analyze the response of the beach area to beach
nourishment. Figure 9 shows the predicted beach responses obtained from beach nourishments
after 15, 30, and 45 years from the initial conditions. Figure 9 shows that the faster the beach is
nourished, the longer the beach area will last.

However, all cases eventually converge to an equilibrium beach area because beach
nourishment does not solve the fundamental problem about the changes in sediment budget.
Therefore, continuous beach nourishment is necessary to secure a certain beach area. Figure 10
shows the predicted beach area response from beach nourishment every 15 years. If continuous
beach nourishment is not possible, countermeasures should be explored, such as installing a
breakwater to prevent offshore sediment loss.
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Fig. 8.  (Color online) Elapsed time to converge to equilibrium according to offshore sediment loss rate and time
duration: (a) 25, (b) 50, and (c) 75%.
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Fig. 9. (Color online) Predicted beach area responses obtained from beach nourishments after 15, 30, and 45 years
from the initial state: (a) Maengbang Beach and (b) Sokcho Beach.
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Fig. 10. (Color online) Predicted beach area responses obtained from beach nourishment every 15 years: (a)
Maengbang Beach and (b) Sokcho Beach.
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5. Conclusion

The beach area is governed by the sediment budget within a littoral cell. In particular,
sediment supply may decrease owing to human interventions such as the construction of dams,
ports, and other coastal structures, resulting in long-term beach erosion. On the basis of the
long-term shoreline response model of Lee and Lee,! we analyzed beach responses under
gradually decreasing sediment supply conditions. The proposed methodology is verified for
applicability using beach area data extracted from aerial maps of Maengbang Beach and Sokcho
Beach.

Unlike previous models, the proposed model introduces time duration 7, to account for the
gradual reduction in sediment supply. By incorporating this parameter, the model is capable of
reproducing the gradual shoreline adjustment induced by coastal structures, rather than the
abrupt initial shoreline response predicted by conventional models. In addition, the results
indicate that time duration 7, is inversely related to the offshore sediment loss rate K. The
proposed methodology can also be applied to estimate shoreline response times and equilibrium
convergence associated with sediment-budget changes. Although we focused on beach area
variations in this study, the model may be further integrated with wave-driven shoreline change
models to develop a hybrid approach for predicting long-term shoreline changes. The proposed
methodology is expected to provide useful information for the planning and management of
beach nourishment and other coastal protection projects.
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