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Abstract: In this study, a reduction in sediment budget due to the development of a river watershed,
resulting in coastal erosion, was reviewed, and the rate of background erosion was calculated through
an examination of the loss of coastal sediment into the open sea. The west coast of the Korean peninsula
is severely impacted by the intercept of inflowing sediments from rivers, owing to the watershed
development. However, the effects have not fully propagated into the entire coastal area, and thus,
the long-term coastal erosion remains insignificant. However, a serious and irrevocable disaster
may occur once the coastal erosion begins. Therefore, an analysis of the coastal erosion resulting
from changes in the sediment budget, due to the development of the watershed, was conducted on
Janghang Songrim Beach. A littoral cell of the Geum River was selected for a quantitative analysis of
the decrease in the sediment budget from the watershed development. The rate of coastal sediment
loss offshore, which reflects the characteristics of the Janghang Songrim Beach, and the future rate of
coastal erosion were calculated. Then, the results were verified by employing geometrically corrected
satellite photographs from previous years. This will enable us to predict the time of coastal erosion in
the future due to a reduction in the sediment budget and watershed development, and prepare for
future disasters resulting from the coastal erosion. Based on research into the components constituting
the coastal development, the present study presents theoretical formulae allowing the prediction
of the sediment budget and providing a practical contribution to the prevention of coastal erosion,
for which additional reliable studies need to be conducted.

Keywords: beach erosion; sediment budget; sediment source; background erosion rate

1. Introduction

The discharge of sediment into river basins, resulting from changes in land use and forestation,
changes in sediment budget in littoral cells through the construction of dams to control water resources,
maintenance work conducted on rivers, and installation of underwater weirs, is continuously changing
the environment. The construction of dams and estuary barriers can be efficient alternatives to the
storage, preservation, and use of water resources; however, this requires the containment of large
volumes of soil. The simultaneous construction of dams and estuary barriers along rivers has been
known to cause a decline in flowrates, and up to a 95% decrease in the supply of soil level [1].
The indiscriminate development, in particular, of diverse areas comprising river basins and coastal
areas since the beginning of industrialization has accelerated the problem of direct and indirect coastal
erosion [2].

Some rivers in southern Europe have shown an annual sediment discharge of less than 10% of
the amount determined during the 1950s, and the Ebro River in Europe currently shows a sediment

J. Mar. Sci. Eng. 2020, 8, 551; doi:10.3390/jmse8080551 www.mdpi.com/journal/jmse


http://www.mdpi.com/journal/jmse
http://www.mdpi.com
http://dx.doi.org/10.3390/jmse8080551
http://www.mdpi.com/journal/jmse
https://www.mdpi.com/2077-1312/8/8/551?type=check_update&version=2

J. Mar. Sci. Eng. 2020, 8, 551 2 of 21

discharge that is only 5% of the amount from the same decade [3,4]. Similarly, a study along the Salinas
River in California, USA, conducted using a model of the water gate of the Monterey County Water
Resources Agency, based on the HEC-2 model of the U.S. Army Corps of Engineers, showed a 32%
reduction in the cumulative amount of sediment discharge in comparison with the sediment discharge
amount from before the construction of three dams, including the Salinas and Nacimiento dams [5].

In Korea, the damage resulting from coastal erosion due to various factors has been reported
since the 1990s, and has become a social issue. Furthermore, no previous assessment is available on
the effects of coastal erosion occurring from the intercept of sediment supply from rivers through
the development of river basins via construction of dams in the upstream river areas, weirs in the
downstream river areas, and estuary barriers, and the resulting changes in the sediment budget in
the west coast region of the Korean peninsula. Therefore, as a framework for the analysis on the
sediment budget, nine major littoral cells were established for the three seas surrounding the Korean
peninsula: the East Sea, Yellow Sea, and Southern Sea; additionally, to help conduct research on the
long-term changes along the beachlines and their short-term variabilities, pertinent sub-littoral cells
were developed to accumulate measurements along the coastline and conduct biannual observations
on the beach profile.

Despite the recognition of the effects of the development in watersheds or rivers on the movement of
the littoral drift and on the eventual long-term changes of the coastline, studies in this regard, particularly
interpretive ones, have been scarce or non-existent. Studies on the effects of the development of river
basins and the resulting coastal erosion started becoming available only recently, with corresponding
observations. Furthermore, quantitative studies focusing on the changes in the sediment budget [6-8]
and the effects, opposite to coastal erosion, of the removal of large scale dams installed in the past
in rivers, are now in progress [9,10]. The nature of the effects, which require decades to emerge, can
be partially attributed to the above factors. However, contrary to the diverse quantitative analyses
conducted by Bruun [11], Zang [12], and Cho et al. [13], on the effects of the sea level rise on coastal
erosion, which have been extensively analyzed, the methodology for a temporal interpretation of the
effects of coastal erosion due to changes in the environment, including the loss of sand resulting from
the installation of submerged breakwaters or a reduced amount of sediment, is yet to be presented.

Thus far, three types of studies have been conducted on littoral cells. The first type represents
studies conducted through the development of littoral and sub-littoral cells for an analysis of the littoral
cell budget; the second type of studies represents quantitative analyses conducted on how the annual
amount of inflowing sand from river flows accumulates along the beach, and how it is lost; and the
third type involves studies on the prediction of the shoreline position based on an analysis of the inflow
and discharge of sands in the littoral or sub-littoral cells. The U.S. Army Corps of Engineers [14,15]
predicted the amounts of inflowing sand and littoral sediment based on the concept of littoral sediment,
based upon which Caldwell [16] conducted an analysis of the regional sediment budget. Dolan et
al. [17], and Kana and Stevens [18] quantified the source and sink of sediments affecting the sediment
budget by employing a “conceptual sediment budget”, and constructed a component dataset to verify
the validity of the developed model.

Kraus and Rosati [19,20] presented a mass conservation formula for sediment budget,
and attempted to classify the components of such a budget in concrete terms, and Patsch and
Griggs [21] contributed to a quantitation of the components of the sediment budget in areas around
Eureka and Santa Cruz in California, USA, by employing a box model, which exploits the concept
of conservation of matter. Recently, the Environment Agency [22] in the United Kingdom presented
the Practitioners” Guideline for Sediment Budget Analysis, which includes the concrete essentials and
volume of littoral drift for an analysis of the sediment budget to prepare for a severe loss of the total
amount of sediment.

Such presentations of littoral drift are useful as basic data for the evaluation of the effects of the
respective background erosion rate resulting from the development of coastal waters and coastal
landward boundaries as factors affecting coastal erosion, as well as for an analysis of the balance in
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the sediment budget. Kaminsky et al. [23] conducted a study to predict the future shoreline (2020) by
employing past satellite images (1950-1990), sediment discharge from rivers, and littoral sediment
from the Columbia River Littoral Cells in the southwest part of Washington state and the northwest
part of Oregon; however, the study applied a scenario-based prediction, and thus, a study on the
background erosion rate considering deficiency in the sediment in a littoral cell remains insufficient.

In the present study, the concept of loss of sand to the open sea and its methodology are presented
to predict the evolution of the coastline resulting from the reduction in the river sediment discharge.
This will enable the analysis of the temporal effects of the reduction in the sediment load in rivers.
To verify its validity, the presented methodology was applied to Janghang Songrim Beach of Janghang
Eub, Seocheon County, Chungcheongnam-do, located in the vicinity of the Geum River estuary barrier.
The reduction in the sediment budget was quantitated by analyzing the states of development in the
watershed (construction of dams and estuary barriers), and the quantitated results were applied to the
area employed in the present study to identify the loss of sediment into the open sea by using past
satellite photographs to predict the annual inflow amount of sand into the Janghang Songrim Beach.
The width of the shoreline retreat in the future (for the years 2050 and 2100) is also predicted.

2. Site Description

The area selected for the analysis on river basin development is the drainage area of the Guem
River, flowing into the West Sea of the Korean peninsula. The river basin area, river channel length,
and average width of the river basin are approximately 9915 km?, 384.8 km, and 25 km, respectively.
The upstream area of the Geum river bed is comprised of coarse gravel with a median grain size of
approximately 43 mm, which tends to change, while moving downstream, to fine gravel with a median
grain size of 17 mm, and ultimately to very fine gravel [24]. The entire river basin area consists of 63%
forest, 15% rice paddies, 11% fields, 9% urban areas, and 3% grassy areas and bare ground. In 1975,
the forest area occupied 65% of the entire river basin, and has been decreasing continuously, reaching
62% in 2015. By contrast, the urban area tended to increase every year, occupying 9% of the river basin
in 2015 [25].

The Janghang Songrim Beach, located in the southwest part of the Korean peninsula, which is
close to the Geum River estuary, and is thus exposed to the effects of the inflow of sands discharged
from the river, is considered in this study (Figure 1). At over 1 km in length, Songrim is a sandy beach
surrounded by a wind break forest of pine trees, which attracts tourists, mostly families. The beach
is also inhabited by seasonal birds in their respective habitats. However, according to the results of
the coastal erosion monitoring, the gradual erosion of the beach has been ongoing for 35 years, since
1985 when the construction of the Geum River estuary barrier was completed. The area is currently
classified as vulnerable to damage from coastal erosion [26].

Figure 2 shows a photograph captured in 2012, when the roots of the pine trees in the wind break
forest were exposed, owing to the evolving erosion to the edge of the beach, indicating the risk of
damage from the collapse of nearby structures. Additionally, the accumulation of sediment of the
sands discharged from the Geum River was interrupted by the construction of the estuary barrier,
which caused the northward drift of the littoral to change to a southward direction, eventually resulting
in the sands peripheral to the beach turning into fine grains (Figure 3).
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Figure 3. Grain refinement according to change in direction of littoral drift.
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3. Theoretical Background

3.1. Mass Conservation in Littoral Cell

To properly understand the progression or retreat of the beachline, knowledge of the origination
and mechanism of the sediment inflow, as well as its subsequent movement, is essential. The varying
changes in the coastline are mainly affected by sea waves, and most of the short-term changes are
dependent on the conditions of such waves; a sudden erosion of the beach can recover quickly when
the sea waters become calm. The time to recover from erosion extends from a few days, in the case
of high waves, to several months, and the erosion is attributable to changes in the direction of the
seasonal waves. However, in the case of a continuous progression or retreat of the entire beachline
for a long period, a break in the state of equilibrium of the sediment budget occurs, resulting from
changes in the amount of inflow (source) and discharge (loss) of sediment.

To identify changes in the amount of inflow of sediment onto a beach, an analysis of the sediment
budget in a littoral cell, in which the inflow and sediment discharges are counted based on the
components constituting the beach, is needed [27-29]. Figure 4 below shows the system of the sediment
budget in a littoral cell.

m=)  Source
Sink

Dredge [/
' Sediment inflow |://
Harbar

s ik B O S )

Surfzone

River load

Sediment loss

Littoral Cell(unit)

Figure 4. Sediment budget system in littoral cell.

The simultaneous erosion occurring along an entire beach is regarded as erosion from changes in
sediment budget in a corresponding littoral cell; this implies that the amount of loss of sediment is
greater than the inflow. As illustrated in Figure 5, the width of the beachline erosion (AW), owing to
a reduction in the sediment budget determined from the analysis, is estimated by employing the
mass conservation formula for a sediment budget. In the analysis, a decrease in the width of the
beachline erosion, owing to a reduction in the sediment budget, is regarded as one of the major causes
of background erosion in a littoral cell.
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Figure 5. Background erosion from a reduction in sediment budget.

The inflow of sediment by sea waves can be regarded based on the characteristics of the wave
environment, which are independent of the beach width. However, the loss of sediment by the breaking
waves in the surf zone can be assumed to be proportional to the degree of exposure to open sea
according to the extension of the shoreline (beach width), yielding the following equation (Figure 6).

net = q4d — Gw = KDS(W_ WO) 1)

== Source
Sink

(Sediment from river) Base beach limit
4

=] w
Qr 24 h (Sediment inflow by wave)
*q
(Coastal sediment loss) Qw = qu Wave breaking
qa
L (Diffusive sediment loss)

Figure 6. Conceptual diagram of source and sink of sediment in the sediment budget.

Here, K denotes the coastal sediment loss rate offshore, and Ds refers to the vertical width of
the littoral drift limit, which is regarded as the sum of the height of the “berm” and “closure depth”
(hp + h¢), both of which specify the characteristics of the beach. In addition, Wy denotes the width of a
standard beach, in which the shoreline is in a state of equilibrium (Figure 7).
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Figure 7. Conceptual diagram of coastal sediment loss rate (K).
3.2. Coastal Sediment Loss Rate

An estimation of the coastal sediment loss rate (K) is difficult. However, when the presence of the
discharge amount of sediment from rivers with the current shoreline (W,) is at equilibrium, the coastal
sediment loss rate (K) can be estimated by exploiting the relationship between the discharge amount
of sediment from the river (Q,) and the loss of sediment to the open sea, as defined in Equation (3).

Qr = KLst(We - WO) )

&
Lst(We - WO)

Here, the length of the beach (L) and the vertical width of the littoral drift (Ds) were assumed
to be constant values. The denominator is an indicator representing the stability of the littoral cell;

K 3)

a higher value of the indicator corresponds to a decrease in K, suggesting smaller changes in the
width of the shoreline erosion. If the amount of sediment discharged from a river is negligible and
insignificant in comparison with that of an inflow from the waves, it can be regarded as Wy = 0.

3.3. Shoreline Change from Background Erosion

The development of the watershed or coastal area and gathering of marine sand trigger changes
in the inflow and sediment discharge in a littoral cell; the changes in the amount of sand in a littoral
cell can be estimated by exploiting the principle of sand mass conservation (Equation (4)).

aw

— = K(aWy - W) (4)

Therefore, the coastal sediment loss rate (K) is taken as a constant innate to each littoral cell,
and the width of the past beach is a consequence diminished by « in comparison with the current
width along with the reduced amount of inflow of sands («). If the sediment amount decreases to « by
the development of a watershed comprising dams, submerged weirs, barriers, and tide embankments,
the width of the future beach (W(t)) can be obtained from the theoretical formula expressing temporal
changes in the beach width, as presented in Equation (5).

W(t) = (1-a)W; 4+ aW;exp(—Kt) (5)



J. Mar. Sci. Eng. 2020, 8, 551 8 of 21

Here, W; denotes the initial shoreline, and the effects of the reduction in the amount of littoral
drift is assumed to be directly applied to the corresponding littoral cell.

By using the equation above, the dimensionless value of the width of the beach can be obtained as
the current width of the beach corresponding to the dimensionless coefficient, Kt = K(1/yr) X t(yr),
which is a product of the time, sediment amount loss rate, and reduction rate of the river sedimentation
amount («) (Figure 8).
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Figure 8. Diagram of predicted change in background erosion shoreline (dimensionless unit).

4. Results

4.1. Estimation of Reduction in Sediment Volume by Dam Construction in Geum Estuary

In the present study, the formulas expressing the discharge amount of sediment and representing
the reduction in the amount of sediment discharge corresponding to the reservoir capacity of the dam
are required for a cascade analysis of the dam construction effects on sediment discharge into Geum
Estuary. Willis and Griggs [5] investigated the sediment amount discharged from the natural (no dam)
rivers in California, USA as shown in Table 1, and obtained a fitted curve for the sediment loading rate
Qy naturally discharged from the watershed A, as

Qr = 49.013A,, 4 35762 (6)

Furthermore, Slagel and Griggs [30] also presented the results on the reduction in the accumulated
amount of sediment along the seashore of California (Table 2, symbols in Figure 9b). Equation (7),
which is the fitted curve obtained by using log function as shown in Figure 9b, is for the calculation of
the sediment reduction from dam construction.

AQ, =5101.41In(Vp) — 69138 (7)

where AQ; and Vp represent the amount of sediment reduction after dam construction, and the volume
of reservoir capacity, respectively. Both Equations (6) and (7) enable us to simply estimate the reduction
ratio of sediment discharge « into Geum Estuary.
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Table 1. Sediment discharge and basin area in the California River (revised from [5] by Lee [31]).

Basin Area Actual Sediment Natural Sediment
Major Rivers Sub-Rivers (km?) Discharges(With Dam) Discharge3 (No Dam)
(m?/yr) (m°fyr)
Smith River 1823 136,475
Klamath River 1248 236,465
Eel River 3845 168,500
Ten Mile a'nd Navarro 5010 149 615
River
Russian River 10,952 555,000
Santa Cruz 808 59,500
Southern Monterey Bay 1905 137,152
Salinas River 10,952 555,000
Carmel River 2327 545,000
Carmel River 808 59,500
Point Sur and Morro Bay 848 75,939
Santa Maria 8715 619,392
Arroyo Grande 396 85,500
Santa Ynez 5382 219,986
Santa Barbara 1111 55,000
Santa Monica 4483 63,500
Malibu Creek 285 40,600
San Pedro 966 177,602
L.A. River 2163 178,000
San Gabriel 1837 139,000
Santa Ana River 4381 290,000
San Diego River 1111 55,000
San Dieguito River 896 45,000
San Luis Rey River 1450 100,000

Table 2. Water storage capacity and sediment discharge behind each dam [30].

Dam Loss of Sediment Discharge by Dam (m3/yr) Water Storage Capacity (m?)
Tompson creek 500 830,865
Casitas 31,000 313,000,000
Eaton wash 1000 889,000
Carbon canyon 2000 1,100,000
Cogswell 5000 11,063,000
Pacoima 3000 4,659,000
San clemente 16,000 1,790,000
San gabriel 28,500 54,499,000
San dimas 2000 1,869,000

Big tujunga 9500 7,350,000
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Figure 9. Comparison of (a) annual mean sediment discharge and (b) reduction in sediment volume by
dam construction.

The application of the empirical formulae obtained from studies conducted by Willis and Griggs [5]
and Slagel and Griggs [30] to other regions with different environments would be unreasonable owing
to uncertainties estimated to be significant. Therefore, we examine if the pattern of sediment discharge
in Korea shows a similar trend when compared with those in the region of California, given in Table 1.
However, the amount of annual sediment discharge for Korean major rivers presented in Table 3 are
all considered as actual sediment discharges. Thus, as shown in Figure 9a, data are plotted only for the
actual sediment discharges and compared with the regression curve of Equation (6), which was fitted
from no-dam data. Correlation analysis was taken for both data sets to examine the similarity and the
result shows 69% for actual discharge for California data, and 82% for actual discharge for Korea data.
The deviation ratio from the fitted curve is defined as below and calculated as 0.61 and 0.41 for the
California and Korea data sets, respectively, showing more agreement with the latter (Equation (8)).
Thus, Equation (6) is taken into account to be acceptable to the Korean watershed environment on
sediment generation.

\/1%] N Awi(Qrfi = Qi)

‘n =
\/1%1 g A X % TR (Qepi)?

Here, subscript i implies the number of data.

®)

Table 3. Sediment discharge and basin area in Korea [31].

Area Point Basin Area Sediment Discharge

(km?) Modified Einstein) (m°/yr)
Han River Yeoju 12,408 661,793
Munmak 1491 548,975
Hyangseok 1816 158,978
Seonsan 1005 455,601
Nakdong River Waegwan 1285 154,880
Jukgo 1717 170,054
Jindong 20,311 887,901
Jeongam 2986 119,585
Geum River Habgang 5012 352,582
Seonam 403 75,657
Yeongsan River Nampyeong 576 144,784
Naju 1719 347,684
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Therefore, the generation of the average annual amount of discharge of sediment from both the
regional rivers in California and the rivers in Korea are in a similar order to each other, particularly for
sediment inflowing from wider areas of the watershed. Consequently, we consider that Equation (6)
would be acceptable for estimating the reduction ratio of sediment discharge « into Geum Estuary,
despite the amount of precipitation in Korea therein, which was about double for both mean and
standard deviation of precipitation (Table 4, Figure 10). Such differences can be compensated by the
high land use and the unit consumption of water (number of population) in Korea.

Table 4. Monthly mean precipitation in Korea and California (unit: mm ) [32].

January February March April May June July August September October November December Mean Std.
Korea 21.6 23.6 45.8 77 1022 1333 3279 348 137.6 49.3 53 249 112.0 1129
California  108.3 111.8 81.9 394 164 6.0 1.6 26 6.9 29.0 65.6 101.7 476 438

350

300 =

250 = -

200 = -1

150 p= -1

100 = -1

Average monthly Precipitaion{mm)

Month

Figure 10. Comparison of monthly mean precipitation in Korea and California [32].

Now we estimate the cumulative amount of inflow of sediment reaching an estuary of the Geum
River by employing the cascade analysis method. Before the estuary of Geum River, four dams and one
estuary barrier and a pertinent area of the river basin are located and regarded as major consequences
of the development of river basin as shown in Figure 11. The watershed of the main stream of the Geum
River, which is other than the combination of independent intervals of the river, has a subordinate
configuration wherein the sediment discharged from the dams constructed in the upstream area of
the river affects the sediment discharged from dams constructed in the downstream area, and thus,
the calculation of sediment discharged from the latter considers the amount of sediment discharged
from the former.
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Figure 11. Result of sediment discharge in Geum Estuary.

The cumulative amount of sediment inflow of Geum River to its estuary was calculated by
applying the reservoir capacity of dams constructed in the watershed of Geum River and is presented
in Table 5. The annual amount of sediment generated in the watershed of Geum River was estimated
to be approximately 664,778 m3, and the reduction in the amount of sediments due to construction
of the four dams in the watershed and the Geum estuary barrier was estimated to be 63%, and thus,
37% of the amount of generated sediment (approximately 245,613 m> per year) was calculated as the
amount reaching the estuary of Geum River.

Table 5. Estimated sediment discharge in Geum Estuary.

Accrued Reduced

Completion Storage D.a m Basin Sediment Sediment Se.dlment Reduction
Name Date (yr) Capacity Drainage Area Discharee Discharge Discharge Rate (%)
y 10°m®  Area(km®  (km?) P SATEE (mdyn)
(m®/yr) (m°/yr)

Yongdam 2001 815,000 930 930 81,361 35,536 81,316 44
Dam(A)

Daechung 1980 1,490,000 667 3303 197,671 38,614 243,496 56
Dam(B)

Baeckgok 1984 21,800 86 86 39,960 17,063 39,960 43
Dam(Cq)

Topjung 1944 31,611 71 219 46,516 18,958 46,516 48
Dam(Cz)

Geum Estuary 1990 138,000 537 5376 299,269 26,476 245,613 43
Weir (C)

Total 2291 9915 664,778 245,613 63

4.2. Geometric Correction of Aerial Photographs

Aerial photographs captured in 1947, 1985, and 2000, which were provided by the National
Geographic Information Institute, and satellite photographs (2014), provided by a portal site in Korea,
were used for the present study (Table 6).
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Table 6. Aerial and satellite imagery information.

13 of 21

Site Date Providers Image No. Type
Oct. 1947 National Geographic 194710000300070005  Aerial Photo
Information Institute
Mar. 1985 National Geographic 3 96500000300910002  Aerial Photo
Information Institute
Area of Janghang ~ Apr. 2000 E?gﬂilgscﬁiﬁi‘g 200004001400090004  Aerial Photo
Beach in Geum
Estuary, Korea  ppppgp3 ~ INational Geographic 200345 Aerial Photo
’ Information Institute
Jun. 2010 National Geographic 20103424 Aerial Photo
Information Institute
Sep. 2015  Daum (Korean portal site) - Satellite image
Sep. 2018 |\ational Geographic 201811610A Aerial Photo

Information Institute

The methods employed for image correction can be broadly classified into geometric and
orthodiagraphic corrections, wherein the method of geometric correction, using the ground control
point, is basically a process of geometrical transformation of planar images, as depicted in Figure 12.

Check RMS
error and Rectify

Aerial &
Satellite Pictures |

Georeferenced
image

Image align by
Georeferencing

Georeferencing a

raster data set

Figure 12. Overlay analysis process.

For the geometric correction of the original aerial photographs performed in the present study,
the coordinates and available data of the continuous digital maps of the area of Janghang Eub, Seocheon
County, Chungcheongnam-do Province, provided by the National Geographic Information Institute,
were used. For the correction studies, the commercially available “Georeferencing” function of
“Arcmap” is applied, as shown in Figure 13.

Step 1
Digital topographic map from
National Geographic Information
Institute

Step 2
Add Control points(common point)
By Georeferencing tool

Step 3

Rectified Georeferenced image

Figure 13. Steps of aerial image correction.

For the image correction, the coordinate information and available continuous digital map of
Janghang Eub, Seocheon County, Chungcheongnam-do Province were used, along with aerial and
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satellite photographs to register and correct the image coordinates by designating the structures and
roads as control points. Upon completion of the geometric image correction, the points with large
errors in the “link table” were removed to correct the images. The corrected images are presented in
Figure 14.

Oct. 1947 © | Mar1985. | gl = Apr. 2000

Apr. 2003

Figure 14. Aerial photograph of georeferenced Janghang Beach.
4.3. Estimation of Coastal Sediment Loss Rate(K)

The area of the Janghang Songrim Beach, Seocheon County, Chungcheongnam-do Province in the
photograph captured in 1947 shows an intact, wide sandy beach. The corrected photograph captured
in 1985 is considered to be the beach before the construction of the Geum estuary barrier, which was
completed in 1990, and thus the shorelines from the years 1985, 2000, 2003, 2010, 2015, and 2018 were
extracted to examine the changes that occurred in the width and area of the beach.

During the period of 1947 to 2018, the baselines were set using a spacing of 100 m on the Janghang
Songrim Beach (Figure 15), and the changes in baseline, area, and width of the beach in each sector, are
shown in Table 7. By examining the changes that occurred in the width of Janghang Songrim Beach, a
gradual progression of beach erosion was found. In particular, with respect to the changes in width of
the beach during the period of 1985 to 2000, approximately 14 m of erosion occurred. Approximately
27% of the erosion occurred in 1985, when the average width of the beach was approximately 52 m.
In terms of the total beach area, a serious long-term beach erosion also appeared (Table 7).
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Figure 15. Shoreline data from overlay analysis in Janghang Beach.
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Table 7. Beach width and area of Janghang Beach.
2
Date Beach Area (m°)
#0-#1 #1-42 #2-43 #3-#4 #4-45 #5-46 Total Avg.
Area Width
October, 1947 5697 4609 5215 6798 4915 4218 31,452 52.42
6667 4324 3208 4020 3213 3867 25,297 42.16
March, 1985
(+970) (-285)  (=2007)  (=2779)  (-1702)  (=351)  (=6154)  (-10.26)
Aopril. 2000 5230 3150 1927 3963 3557 2225 20,051 33.42
P (-1437)  (-1174)  (-1281) (-56) (+344)  (-1642)  (-5246)  (-8.42)
April 2003 5192 3564 2547 3493 2327 1589 18,709 31.18
Py (-38) (+414) (+620) (~470) (-1230)  (=636)  (-1342)  (=2.24)
June, 2010 5058 3494 2273 3933 2433 1136 18,330 30.55
’ (~134) (~70) (~274) (+440) (+106) (~453) (~379) (~0.63)
September. 2015 4272 2759 2220 3317 2660 1763 16,991 28.32
p ’ (~786) (~735) (~53) (~616) (+227) (+627)  (-1339)  (-2.23)
September. 2018 4163 2053 1747 2506 2132 2157 14,758 24.60
P ’ (-109) (~706) (~473) (-811) (~528) (+394)  (=2233)  (=3.72)

As mentioned above, an estimation of the coastal sediment loss rate (K) is difficult. Therefore,

in this study, the coastal sediment loss rate of the Janghang Songrim Beach was estimated through
aerial photographs (Table 7). The rate was estimated by analyzing the change in the temporal beach
width obtained through the aerial photographs. Therefore, the coastal sediment loss rate (K) in the
Janghang Songrim Beach of the littoral cell of Geum River, selected for the present study, is calculated
as 0.035 per year.

Thus, the rate of sediment loss from the effective inflow of sediment reaching the Janghang
Songrim Beach from the sediment generated at the watershed and reaching the estuary of the Geum
River was estimated to be approximately 3%, or 6923 m3/year, the data for which were available using
the coastal sediment loss rate calculated based on an analysis of the aerial photographs.

5. Discussion

5.1. Estimation of Background Erosion Rate

The background erosion rate in the estuary of Geum River estimated for the years 2050 and
2100 (Wsg, Whoo), from the point of application of the decreasing rate of inflow of sediment due to
development of the watershed of Geum River (the completion of the construction of the estuary barrier
of Geum River), was estimated by employing the calculated coastal sediment loss rate, i.e., 0.035/yr.
It was 19 m and 16 m, respectively, whereas the background erosion rate for the width of the beach in
2050 and 2100 was estimated to be 55% and 62% through Equation (5) (Figure 16).
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Figure 16. Result of background erosion rate at Janghang Beach.
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5.2. Discussion on Closure Depth in Macro-Tidal Coast

The coastal sediment loss rate is estimated from the relationship between the sediment discharge
of the river and the loss of sediment through Equation (3) based on the mass conservation equation.
The amount of discharge of sediment (Q,) from the watershed of Geum River was estimated to be
approximately 245,613 m3. The entire length of the beach (L) matches the entire length, approximately
19.5 km, of the littoral cell of Geum River, whereas for the average width of the beach (W), 42 m, was
used; in this case, the width of the beach area in the aerial photograph captured before 1985 (before
completion of the construction of the Geum estuary barrier) was used by considering the changing
characteristics of the major seasonal waves rather than the average width of the beach corresponding
to each baseline.

Methods for calculating the closure depth have been presented by several researchers [33-35]. In
the present study, Equation (10), which was regarded as rather pertinent to the value of the average
closure depth resulting from an improvement by Birkemeier [33] through a derivation from Equation
(9), was used, because Equation (9), suggested by Hallermeier [34], tended to show overestimations in
the design of the beach profile.

Here, Hs; and T are the significant wave height and cycle corresponding to the annual excessive
appearance frequency of 0.137%, which exceeds 12 h per year. The values of H,; and Ts; were
calculated using data with 1 h intervals of the wave height in the West Sea observed from 1 January to
31 December, 2014 by an observatory buoy installed in the West Sea by the Korea Hydrographic and
Oceanographic Agency (KHOA). The resulting closure depth (h;) was calculated as 3.27 m (Figure 17a).

hey = 2.28H,; — 68.5(H2,/gT2,) )
hey = 1.75H, ¢ - 57.9(H2,/ gT2,) 10
c2 — L. st . st g st ( )
 “H,=5.13m '
" T, =7.65s
8 Berm Height=/ |
1.24
- ; JIL Mean
= E 7 tidal
| -
* 65 =) LWOM
6
% os i 15 2 75 3 35 5 10 20 2 a 50 & — kLW,
Hy (m) distance (m) L
(a) (b) (c)
Figure 17. (a) Hs ¢, Ts (observatory buoy data from KHOA), (b) berm height, and (c) mean tidal range

in Janghang.

On 17 August 2015, the shore profile of Janghang Songrim Beach was observed using the Network
RTK. The high water mark of the beach was 7.25 m (from the datum level (DL)), based upon which
the height of the beach (hg) was calculated. The calculated height of the beach profile was 1.24 m
(Figure 17b). The vertical height (Ds) of the Janghang Songrim Beach was calculated as the sum of
the closure depth (/;) and the height of the beach profile (k;), i.e., 4.51 m, for which the effect of the
tide owing to the larger tidal range along the west coast of the Korean peninsula should be taken into
account for a calculation of the closure depth (/i;). Further discussion on the tidal effect in determining
the closure depth will be shown in Section 5. The average tidal range, observed at the tide station in
Janghang, was 4.50 m (Figure 17c).



J. Mar. Sci. Eng. 2020, 8, 551 17 of 21

In the previously conducted studies, the characteristics of sediment in the watershed and the
coastal sediment loss rate, which were regarded as necessary for the calculation formula, were estimated.
However, owing to uncertainties in the rates of inflow and the loss of sediment, the actual changes
in the width of the beach in the aerial photograph and the erosion of the width of the future beach
according to the coastal sediment loss rate (K) were analyzed through changes in the vertical range
(Ds) of the beach profile in the environment of an estuary of Geum River (Table 8). Accordingly,
the resulting values of the coastal sediment loss rate (K) reflect the sensitivity of the erosion of the
corresponding beach, whereas the rate of inflow of the sediment represents the converging width of
the beach (Figure 18).

Table 8. Parameters of beach width calculation formula from coastal sediment loss rate (K).

Littoral Cell L (km) D (m) S (m3/yr) S’ (m3/yr) K (fyr) @ Wy (m)
19.5 12 245,613 0.84 0.025 0.37 42
Geum Estuary 95 8.5 245,613 1.05 0.035 0.37 2
19.5 4.5 245,613 1.39 0.066 0.37 42
K=0,025 fyr K=0.035 /yr ) K=0.066 /yr
45 - S - 45 - - - - — 45 - ~ . -
|~=—beach width ' =—beach width #—beach width
|—2—observed value| { 40 | +—observed value| 40 |—*—observed value
N\ :%.:5 \ %:5- W
b . ; 0 an - : A .; d :
201 --‘-.,_. { H_zu- .'-. H-]n ]

1990 2010 2030 2050 2070 2000 2110 1990 2010 2030 2050 2070 2090 2110 1990 2010 2030 2050 2070 20090 2110
year year vear

Figure 18. Parametric sensitivity analysis for coastal sediment loss rate (K).

The coastal sediment loss rate calculated in the present study, i.e., 0.035/yr, represents the tendency
of erosion along the beach similar to that found from the analysis of the aerial photographs. This is
expected to be helpful in determining the range of parameters that have greater uncertainty among the
parameters included in Equation (3) to calculate coastal sediment loss rate (K). The area is difficult to
measure vertical height (Ds) because its tidal range is up to 4.50 m. Considering the other parameters
are almost pre-deterministic in value, the vertical height (Ds) for K = 0.035/yr calculated by Equation (3)
shall be around 8.5 m range. Therefore, even though more on-site survey and analysis may be necessary,
this study shows that the closure depth can be considered to be around 9 m, the value added up with
the tidal range on top of the vertical height (Ds) calculated under the circumstance without tidal range.

5.3. Discussion on Further Application from Study Findings

The present study has described two major findings: a theoretical equation of littoral sediment
budget derived from the principle of mass conservation, which is given in terms of reduction ratio of
sediment discharge « and coastal sediment loss rate K, and the usefulness of respective approaches taken
to estimate two coefficients in the Janghang beach. Recently, the SWAT (Soil and Water Assessment
Tool) model [36-38] has often been used to accomplish the accurate estimation of sediment loading,
although it requires the high resolution of a DEM (Digital Elevation Model), land use and soil maps,
and precipitation data. The accurate estimation of sediment loading into a littoral coast also guarantees
the accurate estimation of K indirectly by using Equation (3) if a river discharges directly to the beach.
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The coastal sediment loss rate K is often affected by construction of coastal structures such as
detached breakwater, groin, seawall, and so on. It definitely causes the change of beach width, which
can be estimated by the alternative form of Equation (2),

Ko

Clnew) — K{new}

(Wepey = Wo) + Wo (11)

Here, Kj;¢) and We e, denote the coastal sediment loss and the equilibrium shoreline after
construction of coastal structures, respectively. In addition, K{,;; denotes the coastal sediment loss
before construction of coastal structures.

As the K value is firmly estimated, the theoretical solution obtained from the present study can
also be applied to a beach restoration project, since the theoretical solution predicts the temporal
variation of beach recession, which eventually returns to the equilibrium original shoreline depending
on the K value. The temporal variation is estimated by the alternative form of Equation (5),

W(E) = We + (Wan — We) exp(—KE) (12)

Here, W, denotes the equilibrium shoreline, Wgy denotes the beach width after beach nourishment.
From Equation (12), the half period of beach nourishment, which is considered as the most important
information for beach nourishment, is estimated as

10¢0.5
Tos5 = — gK (13)

6. Conclusions

In the present study, a methodology enabling the prediction of the background erosion rate
of a beach from the reduction in the sediment inflow from rivers, attributed to the development
of a watershed, is proposed. The sediment budget, which varied according to the development of
the river watershed, was analyzed, and the theoretical formula expressing the temporal changes
in the width of the beach was derived based on previous studies, an understanding of the system
components that created the beach, and the formula explaining the conservation of sediment (mass
conservation). The developed theoretical formula enabled us to estimate the future temporal changes
in the beach width.

For validation, the methodology developed in the present study was applied to the Janghang
Songrim Beach, Janghang Eub, Seocheon County, Chungcheongnam-do Province, located within the
vicinity of the Geum River estuary. The site was selected because it was determined to be the most
appropriate area for determining the effects of beach retreat resulting from a reduction in the littoral
drift of sediment in the proximal beach area due to the construction of the Geum estuary barrier.
An analysis of the sediment budget, the development in the Geum River watershed, and the resulting
reduction in the inflow of the sediment, were examined. Additionally, the geometrically corrected
aerial images of photographs of the corresponding shoreline were used to examine temporal changes
in the shoreline, and verify the applicability of the derived theoretical formula, as well as to calculate
the coastal sediment loss rate offshore, the value of which was 0.035 per year.

The coastal sediment loss rate offshore is a significant consequence in studies predicting the basic
erosion rate in future littoral cells, along with the rate of reduction in the river sediment. Owing to a
lack of data prior to the development of the Geum River watershed or data representing the subsequent
variabilities, and to take other uncertainties into account, a sensitivity analysis on the rate of coastal
sediment loss was conducted.
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From an estimation of the erosion rate in Janghang Songrim Beach, situated within the vicinity of
the Geum River estuary, background erosion rates of 55% and 62% for the years 2050 and 2100 were
obtained for the beach, respectively. By predicting the amount of time required for the accumulation of
effects of the reduced sediment from Geum River, due to the development of a watershed, to affect the
beachline, the necessary preparations pertinent to a reduction in the width of the beach and coastal
erosion can be made.

The present study, which delved into the background erosion rate based on an analysis of the
sediment budget, needs to be complemented by a precise examination of the phenomena of reduction
in sediment. Additionally, the dwelling time of the effects of the reduced sediment in the littoral drift
due to the construction of dams in the upstream area of the Geum River, and the coastal sediment loss
rate offshore, are needed, which were disregarded in the present study owing to the sole application of
a theoretical formula for the Geum estuary barrier.
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