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The world's largest Sihwa Tidal Power Plant (TPP), located on the west coast of Korea, was built in 2011 for the
purpose of improving water quality and producing renewable energy. After several years of actual operation,
most of the original purposewas achieved, but unexpected coastal environmental changes such as tidal flat dam-
age and sediment accumulation also occurred. In this study, in order to understand the causes of these environ-
mental changes, field observations were conducted near TPP, and spatial and temporal variability of flow
structure and water exchange process were investigated. Three-dimensional velocity data were collected along
the closed line surrounding the outside of the TPP for 11 h during spring tide and analyzed according to two dis-
charge phases: power generation phase (PGP) and drainage phase (DP). The results show that the depth-
averaged maximum current velocity was more than three times greater at DP than at PGP. Jet-like flow during
DP caused very high horizontal shear, whereas vertical shear was relatively weak, indicating that the horizontal
and vertical flow structures were very different. The most notable result is that the mass transport patterns be-
tween PGP and DP are significantly different, i.e., during PGP, mass transport is dominated on the left side of
the TPP, whereas during DP, it occurs at the front of the TPP. This means that there is a strong spatiotemporal
asymmetry between the inflow from the downstream (outside of the TPP) during PGP and the outflow from
the upstream (inside of the TPP) during DP. These asymmetric processes can have a significant impact on thema-
terial exchange and sediment transport near the TPP. Since observational studies on TPP are extremely rare, this
study is expected to contribute to future TPP related research, such as numerical modeling.
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1. Introduction

Tidal power generation is one of the most representative renewable
energy resources (Charlier, 2003; Widén et al., 2015). Numerous tidal
power plants (TPPs) have been operated or planned around the world
(O'Rourke et al., 2010), each providing different economic benefits.
However, TPPs typically require large-scale power generation facilities,
which would inevitably lead to environmental changes in nearby re-
gions (Wu et al., 2017). For instance, in the Rance estuary, the distribu-
tion of bed sediment changed from sand to mud after the operation of
the La Rance TPP (Kirby and Retière, 2009). In the Severn Barrage sys-
tem, numerical modeling was used to predict that the suspended sedi-
ment concentration (SSC) may significantly decrease after barrage
construction (Ahmadian et al., 2014). In a numerical model study of
the eastern Irish Sea, tidal deformations occurred in both the far-field
and adjacent regions, leading to a decrease in intertidal zones (Wolf
et al., 2009) and an increase of inundation problem due to sea-level
rise (Nazarnia et al., 2020). Kadiri et al. (2012) also suggested that
changes in the sedimentary environment resulting from the operation
of TPPs could potentially affect dissolved nutrients andmetal concentra-
tions and impact the water quality and ecological functioning of marine
systems. In the Sihwa TPP, the research area of this study, also has un-
dergone various coastal environmental changes such as tidal flat dam-
ages and sediment accumulation in major sea routes.

One of the major causes affecting these environmental changes is
the periodic discharge from the TPP (Xia et al., 2010; Cham et al.,
2020). TPP discharges can cause increased flow intensity, vertical and
horizontal mixing, and dispersal of materials into the surrounding wa-
ters. Yamini et al. (2021) suggested that the environmental impact
range caused by dam discharge can be very considerable in reservoirs
depending on the type of power generation method and the sluice
structure. Angeloudis et al. (2016) indicated that accurate momentum
calculation around TPP is very important for reliable environmental im-
pact assessment due to the TPP construction in the Severn lagoon sys-
tem. Kim et al. (2017) suggested that a strong flow and the resulting
anticlockwise rotating vortex, showing great variability in response to
the discharge, are key controlling factors in eroding the bed sediment
and maintaining it in suspension. Rtimi et al. (2021) performed a de-
tailed study of the discharge coefficient in a numerical model for the
study of tidal asymmetry due to the Lance TPP construction. Artificial
and periodic discharge from TPP can be considered as one of the main
causes of environmental change because it inevitably affects the flow
structure in the downstream area (outside of the TPP), whichwas a nat-
ural tidal environment before the TPP construction.

Since the previous studies were mainly conducted using numerical
models and point measurement data, it was difficult to understand
the spatial flow pattern during discharge, and there was a limitation in
analyzing the mass transport process near the TPP in detail. In addition,
most of the validation data used in the recent numerical modeling stud-
ies were observed far away from the TPP, so the effect of discharge can-
not be directly analyzed from the observation data. Until recently, most
studies related to tidal power generation utilize the numerical model-
ing, and there are few analytical studies based on field observation
data during actual power plant operation.

In this study, three-dimensional velocity data over a tidal cycle were
measured along a closed line where the actual discharge was directly
affected at Sihwa TPP. By analyzing the observed data, we tried to un-
derstand the spatiotemporal flow structure near the TPP and the
watermass exchange process. The purpose of this study is to: 1) investi-
gate how the flow characteristics around the TPP occur during the oper-
ation, 2) compare the spatiotemporal mass transport patterns between
power generation and drainage, 3) analyze the water exchange process
between upstream (inside of TPP) and downstream through volume
flux analysis. Based on this analysis, we would like to discuss the causes
of changes in the tidal flat environment and sediment accumulation
problems occurring near the Sihwa TPP. In addition, the results of this
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study are expected to be used not only for verification of numerical
model studies related to TPP, but also for problems that require huge
costs, such as periodic dredging of major routes.

The rest of the paper is organized as follows. In the next section, the
study area was introduced, and the operation method of the Sihwa TPP
was described. Section 3 summarizes the methods for collecting, pro-
cessing, and analyzing observational data. Section 4 presents the spatio-
temporal velocity structure during the power generation and drainage
period and analyzes the volumetric transport. In Section 5, thewater ex-
change process between upstream and downstream was analyzed and
the effect on the surrounding area was discussed. Conclusions are sum-
marized in Section 6.

2. Study area

The Sihwa area, located in the southern part of Gyeonggi Bay on the
west coast of the Korean Peninsula, is well known as a suitable region
for tidal power generation with the hyper-tidal estuary (Fig. 1a) (Kim
et al., 2012; Park, 2017). The major tidal constituents are M2, S2, K1,
and O1. The water level exhibits typical semi-diurnal tides with
spring-neap variations. The mean spring and neap tidal ranges are
7.7 m and 3.3 m, respectively. The mean water depth is about 13 m.
The Sihwa area was divided into Lake Sihwa (upstream) and the
Sihwa estuary (downstream) after the construction of the Sihwa tide
embankment in 1994. A small islandwith a diameter of 200m is located
0.5 km away from the northwest of the TPP.

The tidal current before the construction of the TPP (background
tidal current) was typically propagated from the southwest part of
Daebudo, and its main flow direction was northeastward and south-
westward during the flood and ebb currents, respectively (Fig. 1b)
(Bae et al., 2017). After the operation of the Sihwa TPP began, the back-
ground tidal current patterns periodically turned northwestward
(discharge direction), and a current speed of 2 m s−1 or more was
observed near the TPP (Kim et al., 2017).

The Sihwa TPP consists of 10 hydraulic turbine gates and 8 sluice
gates (Fig. 1c), and the parts of the turbine gate are equipped with
bulb-type turbo generators. The power output of Sihwa TPP was repre-
sented by a function of the water head difference in the Hill Chart pro-
vided by the manufacturer (Kim et al., 2021). The operation of the
Sihwa TPP, using a flood generation scheme, can be largely divided
into upstream and downstream discharge phases: the power genera-
tion phase (PGP) anddrain phase (DP) (Fig. 1d and e). The PGP is carried
out only when the water level of Lake Sihwa is below−1 m relative to
the mean-sea level (MSL). During this phase, for about 5–7 h, the sea-
water enters from upstream through the 10 hydraulic turbine gates. In
contrast, DP is mostly carried out during the ebb current. In this phase,
all 10 hydraulic turbines and the additional 8 sluice gates are used to ex-
port the seawater upstream into the downstream for about 1–2 h. The
seawater exchanges of PGP and DP are carried out twice a day, with a
maximum exchange volume of 150 million tons for each phase.

The Sihwa region in South Korea was no exception to marine envi-
ronmental changes due to tidal power generation. Since the beginning
of the Sihwa TPP operation in 2011, the environmental issues associated
with the operation of the TPP have been as follows:

▪ A strong flow (>1.5 m s−1) is periodically observed downstream,
and this flow has an influence on the speed and direction of flow.
Since there are sea routes and berth facilities for large vessels at
Incheon New Port, this strong flow has a major risk factor for the
safe operation of ships.

▪ The downstream water circulation patterns are disturbed by the
operation of the Sihwa TPP, and as a result, the residence time of
suspended sediment adjacent to Sorae Port (regions located in the
northeastern part of the Sihwa TPP in Fig. 1a) have increased (Bae
et al., 2017). Kim et al. (2017) suggested that a strong flow and the
resulting anticlockwise rotating vortex, showing great variability in



Fig. 1. (a) The location of the study area, the Sihwa tidal power plant (TPP), on the west coast of the Korean Peninsula, (b) plan view of the study area showing the bathymetric contours
and sampling locations including the ADCP transect lines (yellow lines along ABCDwith a total distance of about 3.89 km) and the Songdo tide station (red circle), (c) Satellite image near
the Sihwa TPP (source: Google Earth), and schematic diagram for explainingwater exchange during (d) power generation (PGP) and (e) drain phases (DP) of the Sihwa TPP (http://tlight.
kwater.or.kr). In (b), INP denotes the Incheon New Port and the sky blue arrows indicate flood and ebb current directions.
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response to the discharge, are key controlling factors in eroding the
bed sediment and maintaining it in suspension.

▪ Tidal variations in water level, salinity, and temperature have been
observed again in Lake Sihwa since the establishment of TPP (Kang
et al., 2013). In contrast, heavy metals and pollutants stagnated in
Lake Sihwa were reduced by an increase in seawater exchange
(Susaya et al., 2011; Lee et al., 2014). Kim and Koo (2015) reported
that the intertidal area increased from 5.6 km2 in 2010 to 20 km2

in 2013, and Kim et al. (2021) suggested that sediment accumula-
tion in Lake Sihwa can occur because of unbalanced sediment trans-
port associated with tidal power generation.

3. Materials and methods

The flow patterns near the Sihwa TPP change significantly in re-
sponse to the operation time and exchanged water volume between
thePGP andDP. To analyze this sensitively changingflowvelocity distri-
bution, the observation lines were set as a closed ABCD around the
downstream. The notation used in this study is presented in Table 1.
Surveys with the ship-mounted acoustic Doppler current profiler
(ADCP, RDI 600 kHz)were conducted at transects AB, BC, and CD during
the spring tide on February 5, 2015 (Fig. 2 and Table 2). The total
3

distance of the three lines was about 3.89 km, and line locations were
within a 1.5 km radius of the Sihwa TPP. The mean depth for each line
was 13.8, 18.0, and 14.0 m, respectively. The velocity profile data
along ABCD were collected 11 times over 9 h. The ADCP was installed
0.8 m below the surface, and the blanking distance was set to 1 m. The
bin size was 0.5 m, and the data were obtained with two pings per sec-
ond. The ship speeds varied between 1.5 and 2.5 m s−1, and real-time
latitude and longitude data were obtained by connecting a differential
global positioning system (GPS) to a laptop. The downstream water
level was obtained from the Songdo tide station (red circle in Fig. 1b).

A quality check and data processing for ADCP ensemble data were
conducted to distinguish reliable records (Fig. 3). Data with sea surface
exposure of ADCP andwithoutGPS signalswere discarded. Additionally,
datawith a PercentGood variable of less than 90,which showed the bad
signal return rate, were omitted. The data with the pitch, roll, and head
of ADCP tilted more than 8° were discarded. The data processing for
velocity profiles described in Valle-Levinson and Atkinson (1999) was
carried out. After removing outliers exceeding 2.5 standard deviations
in velocity profile, the linear interpolation was performed on the
empty data using the nearest neighbor data. In addition, the three-
point average method proposed by Dinehart and Burau (2005) was ap-
plied to avoid the distorting velocity profiles. The compass and

http://tlight.kwater.or.kr
http://tlight.kwater.or.kr


Table 1
List of notations.

Symbol Description

ABCD total observation line along transects AB, BC, and CD
A′A unmeasured line between the southern end of AB and the Sihwa tide

embankment
DD′ unmeasured line between the southern end of CD and the Sihwa tide

embankment
x, y, z east, north, and vertical axes of Cartesian coordinate
u, v, w velocity components in Cartesian coordinate
u depth-averaged velocity
U normal velocity components on transects AB, BC, CD
D time-varying total water depth
d water depth of each ADCP bin
σ normalized vertical axes by dividing the bin depth over the total water

depth (d/D)
uσ, vσ, wσ velocity components in σ-coordinates
i ensemble position
l total number of ensembles
dxi distance between each ensemble
Q instantaneous volume fluxes through transects AB, BC, and CD
QA′A instantaneous volume fluxes through transect A′A
QDD′ instantaneous volume fluxes through transect DD′
L distance between the Sihwa tide embankment and the last

ADCP-measured position
Vm measured cross-sectional averaged velocity at the nearest position to

the unmeasured lines (A′A and DD′)
dm measured total water depth at the nearest position to the unmeasured

lines (A′A and DD′)
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magnitude errors of velocities derived from the ship velocity were
corrected following Joyce (1989). The total observation lines were di-
vided at equal intervals of 20 m, and the velocity profiles within the
range were averaged to reduce the spatial data fluctuations.

The velocity data in the uppermost 1.8 m of the water column were
not measured because of the deployment depth and blanking distance
of theADCP. In addition, the data observedwithin 1mabove the bottom
were discarded due to the error velocity associated with the side-lobe
effects. Therefore, the missing velocity profile data occupied at least
10% of the total depth, leading to an underestimation of the volume
flux through transects. In this study, the velocitymeasured in the upper-
most bin was used to fill the surface gap. The near-bed missing data
were computed by curve fitting the one-sixth power lawusing the aver-
age of the last two measured velocities in the undermost bin with no
slip at the bed (Mueller and Wagner, 2007).

The σ-coordinate system, which was normalized by dividing the
observed depth over the total water depth, was used to estimate the vol-
umefluxes along the ABCD. The velocity components in Cartesian coordi-
nate (u and v) were transformed to velocity components in σ-coordinate
(uσ and vσ) with 21 equally spaced σ-levels, where σ = d/D; d is the
depth of each ADCP bin, and D is the time-varying total depth. Further,
σ = 0 and σ = 1 are d = 0 (surface) and d = D (seabed), respectively.
This coordinate transformation is a suitable method for calculating the
volume flux in a macrotidal estuary system (Giddings et al., 2014). The
instantaneous volume flux (Q) was calculated as follows:

Q ¼ Di ∑
l

i¼1
Uσ,idxi, ð1Þ

where Uσ,i represents the normal components of uσ,i and vσ,i on
transects AB, BC, and CD (i represents ensemble positions), dxi is the
distance between each velocity ensemble, and l is the total number of
velocity ensembles. The positive and negative Q correspond to the
northwest- and southeast-ward volume fluxes, respectively, for tran-
sects AB and CD, and north- and south-ward volume fluxes, respec-
tively, for transect BC.

The data for the total exchanged water volume through the sluice
gate and operation timewere obtained from the KoreaWater Resources
Corporation (http://tlight.kwater.or.kr) (Table 3). The gates for the
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seawater exchange were divided into three types of 8 turbine gates
(G1), 8 sluice gates (G2), and one sluice gate at the entrance of Lake
Sihwa (G3). The PGPs were conducted during the period of
02:38–08:11 and 14:43–21:05 on February 5, 2015, which introduced
8.75 × 107 m3 and 10.74 × 107 m3 of water into the lake, respectively.
The DPs were conducted during the period of 00:00–01:00,
09:04–13:04, and 21:50–24:00, which discharged 1.54 × 107 m3,
10.99 × 107 m3, and 6.53 × 107 m3 of water from the lake, respectively.
The difference in total volume exchanged during PGP and DPwas about
0.43 × 107 m3, which was 0.01% of the Lake Sihwa volume of
32.38 × 107 m3, as suggested by Bae et al. (2010).

4. Results

4.1. Velocity fields

To represent the spatial flow patterns along ABCD over an operation
cycle of the Sihwa TPP, the stick plots of depth-averaged velocity (u) are
shown in Fig. 4. During the DP (Fig. 4c–g), the background tidal currents
were greatly disturbed by the operation of the TPP. The direction and in-
tensity of u at early in the DP (Fig. 4c) were not significantly different
from those 1 h previously (Fig. 4b), and no influence on u associated
with the discharge from a TPP was observed. As the DP progressed
(Fig. 4d–g), the flow greater than 1m s−1 associated with the discharge
of TPP in transect BC was oriented nearly perpendicular to the ambient
tidal current,with thepeakumoving toward the eastern part of transect
BC. During these periods in transect AB, the u turned from southwest-
ward to northeastward. In contrast, a weak u (<0.2 m s−1) toward the
southwest was maintained in transect CD.

The complex flowpatternswere observed at early in the PGP because
the discharge effects of theDP remained (Fig. 4i). Theu toward the north-
east was observed in the central part of the AB and in the eastern part of
BC, whereas that toward the southeast was observed in the northern end
of AB and in the western part of BC. The u in transect CD was relatively
weaker than that in transects AB and BC and complex patterns in u
were exhibitedwith a local reversedflowpattern. As the PGP progressed,
the flow in ABCD was rotated toward the Sihwa tide embankment. After
1–2 h of the start of the PGP (Fig. 4j and k), the u toward the northeast
was observed in transect AB. During these periods in transects BC and
CD, the u toward the southeast was dominant, but the u toward
the southwest was observed at the southern end of transect CD. After
4.5 h of PGP (Fig. 4a), the u toward the southwest was observed at all
transects.

Over a tidal cycle, the most noticeable change is the dramatic in-
crease in current speed in transect BC during the DP. This strong flow
(>1 m s−1) is well known as the “jet-flow” derived from the reduction
of the conveyance cross-section at a hydraulic structure (Cohen, 2012).
Most of the study on the jet-flow at the TPP has been conducted through
2-D numerical modeling (Angeloudis et al., 2016; Xia et al., 2010), and
the predicted flow patterns and the current speed were quite different
from the observation results of this study. In the case of Swansea Bay
Lagoon, similar to the topographical structure of the Sihwa TPP, the
flow shape was a monotonous fan-shape with a maximum current
speed of 0.9 m s−1 in u. On the other hand, in this study, the location
of the flow-enhancing region affected by the jet-flow was changed by
the tidal variation, and the maximum current speed exceeded
1.4 m s−1 in u. Furthermore, the asymmetry between the flood and
ebb currents was often found due to the jet-flow (Valle-Levinson and
Guo, 2009). Comparing the aforementioned velocity fields between DP
and PGP, a significant asymmetry in current speed and direction was
also observed in the vicinity of Sihwa TPP.

4.2. Comparison of velocity profiles between DP and PGP

The operation of the Sihwa TPP has an influence on the vertical
velocity structures as well as horizontal flow patterns. To investigate

http://tlight.kwater.or.kr


Fig. 2. (a) Photographs associatedwith the strong flow (>1.5m s−1) during the DP and real-time ADCPmeasurements along the transect lines, (b) the distance and depth variation along
theABCD, and (c)water level variations over the tidal cycles. The orange box in (c) indicates the observation period, and the detailed observation time is shown in the enlargedwater level
figure (represented by the red circles in (c)).
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the variations in velocity profiles between PGP and DP, three time-
windows for the early, middle, and end phases were selectively exam-
ined, as shown in Figs. 5 and 6.
Table 2
Summary of acoustic Doppler current profiler (ADCP) surveys conducted on February 5,
2015.

Transect Observation
time
(hh:mm:ss)

Number
of surveys

Mean survey
duration
(min)

Transect
length
(km)

Sampling
rate (Hz)

Bin
size
(m)

AB Start 07:03:55 11 19.27 1.50 2 0.5
End 16:18:53

BC Start 07:20:04 11 13.18 1.21 2 0.5
End 16:47:56

CD Start 07:00:10 11 14.68 1.18 2 0.5
End 16:31:06

5

In the early phases, the discharge effects on the velocity profiles
in the entire water column were different. The current speed in the
velocity profiles along ABCD early in the DP was weaker than that
early in the PGP. During early DP (Fig. 5c), the current speed along
the ABCD varied from 0.10 to 0.22 m s−1, and the maximum
surface-to-bottom current speed difference varied from 0.07 to
0.15 m s−1. A stronger velocity difference occurred in transects BC
and CD, compared to that in transect AB, which was adjacent to the
small island with a weak current speed (<0.1 m s−1) in the entire
water column. In contrast, early in the PGP (Fig. 6i), the current
speed along ABCD was up to two or more times stronger than that
at early in the DP. On the other hand, the maximum surface-to-
bottom current speed difference varied from 0.13 to 0.21 m s−1,
similar to the DP. In transect CD, the current speed was less than
0.20 m s−1 compared to that of the other two transects in both the
DP and PGP periods.



Fig. 3. Flowchart of extracting velocity profiles in sigma coordinate from ADCP ensemble data.
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In the middle phases, the increase of speed in the velocity profiles
occurred only in the DP, with a flow greater than 1.5 m s−1 occurring
in the entire water column and not confined to the surface layer
(Fig. 5e). The northwestward flow was mostly observed in transect
BC, and the maximum current speed in the velocity profiles was about
2.27 m s−1. During this period, a weak current speed (<0.25 m s−1)
was observed in both transects AB and CD. The maximum surface-to-
bottom current speed difference varied from 0.05 to 0.41 m s−1, show-
ing a vertically homogeneous increase in the velocity profiles. At the
middle of the PGP (Fig. 6k), the current speedwas relatively weak com-
pared to that of the early phase (Fig. 6i). The current speed at all tran-
sects was less than 0.35 m s−1. The maximum surface-to-bottom
current speed difference varied from 0.09 to 0.13 m s−1.

In the end phases, the increase in the current speed during the DP
was maintained, whereas that during the PGP was reduced. At the end
of the DP, a strong current was still observed in transect BC with a
6

width of about 250 m, but its position was changed to the eastern end
of transect BC (Fig. 5g). Themaximum current speed in velocity profiles
was about 1.29 m s−1 along ABCD, and the maximum surface-to-
bottom current speed difference varied from 0.10 to 0.18 m s−1. Al-
though the current speed in the BC decreased compared to that of the
middle phase, it was more than twice as strong as the speed in other
transects at the end phase. At the end of PGP, the current speed varied
from 0.16 to 0.14 m s−1 in all transects (Fig. 6b). The maximum
surface-to-bottom current speed difference varied from 0.07 to
0.10 m s−1. These results suggested that the strength and direction of
velocities in the vicinity of Sihwa TPPweremostly controlled by the dis-
charge during DP and upstream discharge during PGP.

Overall, the jet-flow enhanced the horizontal velocity shear but has
little effect on the increase of vertical velocity shear. Due to these shear
characteristics, the jet-flow in downstream of Sihwa TPP may be closer
to the convergence type than the divergence type. The jet-flow can be



Table 3
Operating data for drain and power generation phases (DP and PGP, respectively) on Feb-
ruary 5, 2015. G1, G2 and G3 indicate the sluice gates of Sihwa tidal power plant (TPP)
with and without the turbine, and sluice gate at the entrance of Lake Sihwa, respectively.

Phase Sluice gates Operating time
(hh:mm)

Exchanged water
volume (×107 m3)

Start End

Power generation G1 02:38 08:11 8.75
14:43 21:05 10.74

Drain G1 00:00 00:50 0.29
09:23 12:56 2.61
22:10 24:00 1.46

G2 00:00 01:00 1.11
09:04 13:04 7.45
21:50 24:00 4.51

G3 00:00 01:00 0.14
09:04 13:04 0.93
21:50 24:00 0.56
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classified into two types based on the vertical and horizontal flow struc-
tures (Broekemaet al., 2018): divergence and convergence. In thediver-
gence type, the jet-flowdivergeswidely in the horizontal plane. In order
to preserve water volume, the return flow in opposite direction to the
surface layer is found in thebottom layer due to verticalflow separation.
Fig. 4. Stick plots of the depth-averaged velo

7

In the convergence type, the entrained flow is found in both side chan-
nels of themain axis of the jet-flow and exitswith a vertically consistent
jet-flow throughout the water column. In terms of vertical flow struc-
ture observed at the Sihwa TPP, the one-way jet-flow in the entire
water column was observed in a narrow area of transect BC during DP
(Fig. 5e). In terms of horizontal flow structure (Fig. 5e and g), the
flood current both the surface and bottom layer have begun at transect
AB between themiddle and end phases of the drain, while the reversed
flow of flood current, is maintained at transect CD.

4.3. Instantaneous volume flux

To explain changes in thewater volume transport due to tidal power
generation, the temporal variability of Q at transects AB, BC, and CD is
shown in Fig. 7. The positive and negative values in Q indicate the influx
and outflux of water volume toward the ABCD region, respectively. The
Q passing through transect AB exhibited the typical variations observed
in estuary showing the standing wave characteristics, which water vol-
ume comes into the inside area of ABCD during the flood current and
leaves during the ebb current. However, the magnitude between posi-
tive and negative Q through transect AB was unbalanced. The influx in
transect AB during the rising tide reached about +1.01 × 104 m3 s−1,
whereas the outflux during falling tide decreased to about
−0.49 × 104 m3 s−1.
city over the entire observation period.



Fig. 5. Near-surface and -bed velocity fields, and current speed profiles along the ABCD during the DP: (c) early phase, (e) middle phase, and (g) end phase.
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The Q in transect CD varied between −0.38 × 104 and
+0.49 × 104 m3 s−1, which was relatively lower than that in transect
AB. During DP, the negative Q in transect AB turned positive, but the
Fig. 6. Near-surface and -bed velocity fields, and current speed profiles along the
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positive Q in transect CD remained constant for 3 h of the rising tide
(e–g in Fig. 7b). Considering the short distance (<1.3 km), theQ toward
the ABCD region in transect CD indicated that the water volume was
ABCD during the PGP: (i) early phase, (k) middle phase, and (b) end phase.



Fig. 7. Spatial and temporal variability of instantaneous volume fluxes in vicinity of Sihwa
TPP: (a)water level, and (b) volume fluxes over a tidal cycle. In (a), the red circles indicate
the time points at which observationswere performed. In (b), the arrows in the upper left
box represent the direction of the positive instantaneous volumeflux of each transect. The
black dotted lines mean low tide period.
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temporarily entrained into the front of the Sihwa TPP due to the jet-
flow. During these periods, theQ in transect BCwas one order ofmagni-
tude higher than that in transects AB and CD, showing themaximum of
1.54 × 104 m3 s−1. This relatively high value was mostly attributed by
the discharge rate of the Sihwa TPP, and eventually most of the water
volume during DP was escaped through the transect BC.

5. Discussion

5.1. Effect of tidal power generation on the water mass exchange process

In the vicinity of artificial marine hydraulic structures such as surge
barriers, sea dikes, tidal barrages, and dams in coastal regions, the impacts
of jet-flow were well known (Vouriot et al., 2019). The highly sheared
flow derived from the jet (>1.5 m s−1) induced a bifurcation of the
tidal current, resulting in the formation of a dipole vortex on both sides
of the jet-flow(Bryant et al., 2012;Wells andvanHeijst, 2003). This rotat-
ing flow can lead to the symmetrical entrainment process of ambient
seawater (Geyer and Signell, 1990; Old and Vennell, 2001).

The characteristics of jet-flow and resultant water mass transport
near the Sihwa area were slightly different from the balanced dipole
vortex because of the characteristics of the discharge in a direction per-
pendicular to the tidal current (Fig. 8). The water mass transport was
calculated by multiplying Q by the density of the seawater (ρ =
1023 kgm−3). The directions for 0° and 90° in Fig. 8c indicate the north-
ward and eastward transport, respectively. Themost noticeable change
associated with the operation of the Sihwa TPP was that the jet-flow
9

was maintained in a narrow area of transect BC until the end of the DP
(d–g in Fig. 8b). During these periods, the asymmetric entrainment pro-
cesses of mass transport were observed on both sides of the jet-flow.
The highest outflow of 574.6 × 103 kg s−1 for water mass transport to-
ward the northwest corresponds to transect BC. During these periods,
the highest mass transport in transects AB and CD were about 193.3
and 55.1 kg s−1, respectively. As shown in the velocity fields (see
Section 4.1), the flood current over transect AB started from the middle
(Fig. 5e) toward the end (Fig. 5g) of theDP, while the reverse flowof the
flood currentwasmaintained at transect CD.Moreover, despite the lon-
ger duration of the flood current (e–k in Fig. 8) (e.g., ebb dominance),
the maximum intensity of mass transport during flood current was
greater than that during ebb current. Thismay have led to greater devel-
opment of flood current at transect AB due to the attraction of jet flow.
Thus, the water mass passing through transects AB and CD converges
toward the jet-flow, but an asymmetric water mass transport may
occur between transects AB and CD because of the discharge character-
istics perpendicular to the background tidal current. If this asymmetry
of mass transport was maintained for a long time, it could change the
mixing of properties of tidal flow, as thewater circulation leads to a bar-
rier to transport across the perimeter (Provenzale, 1999).

In addition, asymmetry ofmass transport during the operation of the
Sihwa TPP can limit the source of materials entering and exiting up-
stream regions. To understand the detailedmass exchange processes af-
fected by the operation of flood generation, the volume budget was
estimated along the A′BCD′ transect lines. The A′A andDD′were the un-
measured lines between the southern end of transects ABCD and the
Sihwa tide embankment. The volume fluxes through the A′A and DD′
(QA′A and QDD′) were estimated using the ratio extrapolation method
suggested by Fulford and Sauer (1986) as follows:

QA0A,DD0 ¼ 0:3535LdmVm ð2Þ

where Vm and dm are the measured cross-sectional averaged velocity of
the ADCP and the depth at the nearest position to the A′A and DD′, re-
spectively. L is the distance between the Sihwa tide embankment and
the last ADCP-measured position. The mean volume fluxes along the A
′BCD′ transect lines are obtained by time-averaging Q values during
the DP and PGP. The discharge rates of the DP and PGP are calculated
using the total water volume and duration data suggested in Section 3.
The discharge rate during theDP is about 6.99 × 103m3 s−1 correspond-
ing to (c)–(g) periods. The discharge rate during PGP was derived from
the average of 4.38 × 103 and 4.69 × 103 m3 s−1, corresponding to (a),
(i), (j), and (k) periods. The positive and negative values of the volume
flux indicate thefluxes entering and exiting the area surrounding A′BCD
′, respectively.

On average, most of the water mass passing through the transects
AB, CD, and gates of the Sihwa TPP during the DP escapes through the
transect BC (Fig. 9a). There were one outflux and five influxes. During
this period, the outflux only occurred in transect BC at about
−9.52 × 103 m3 s−1. The major source of influx is the discharge of the
DP and the influxes in transects AB and CD were relatively low at
+0.58 × 103 and +1.80 × 103 m3 s−1, respectively. During this period,
the QA′A and QDD′ were both about +0.05 m3 s−1. The total influx
(+9.47 × 103 m3 s−1) was 0.05 × 103 m3 s−1 lower than the total
outflux (−9.52 × 103 m3 s−1). This suggests that the sediment
accumulation in the sea route of the INP located in the northern part
of the Sihwa TPP can be attributed to the sediment and materials
through the upstream and transect CD. On the other hand, during the
PGP (Fig. 9b), the influx of transect AB was about +4.90 × 103 m3 s−1,
which was at least 16 times greater than that at other lines. An outflux
of −4.54 × 103 m3 s−1, which was more than 6 times the other
outfluxes, occurred at the gates of the Sihwa TPP. Therefore, the major
source of water mass entering the upstream was the transect AB. Inter-
estingly, the influx patterns in transects A′A and DD′ were always esti-
mated for both the DP and PGP. Among the complex mass exchange



Fig. 8. The entrainment, transport and sorting of watermass by the jet-flow associatedwith jet-flow: (a) water level variations, (b) intensity, and (c) direction of watermass transport. In
(c), the thick black and white lines indicate the reverse flow and jet-flow, respectively.
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processes controlled by tidal power generation, consistent influxes in
the region closest to the TPP can be the controlling factor in terms of
migration of materials.

5.2. Implications

As discussed in this study, the environmental impact induced by
tidal power generation can be both positive and negative. Changes in
water mass exchange processes around TPPs have attracted attention
Fig. 9. Comparison of volume fluxes for each transect showing the difference of thewatermass
for the water mass exchange are simplified using the schematic diagrams. The black solid li
unmeasured regions. The volume fluxes at the unmeasured area (QA′A and QDD′) were estim
and blue arrows indicate the rectangle box-in and -out fluxes, respectively. The size of blue a
percentages represent the contribution of box-in and -out flux. The thick and thin light gray d
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worldwide, but mitigation measures remain almost entirely untested.
Here, we carefully discuss practical issues related to themaritime safety
and sedimentation of Lake Sihwa that need to be addressed urgently in
the near future.We also expect that our suggestions will help to resolve
practical issues in which tidal power is applied.

▪ The results of this study can be used to understand the risks on the
main sea route downstream. In the northern part of the downstream
of the Sihwa TPP, there are sea routes that accommodate large ship
exchange between the (a) drain and (b) power generation phases. Note that the processes
nes were three transect lines of ADCP, and the two green lines represent the edge lines,
ated using a ratio extrapolation method suggested by Fulford and Sauer (1986). The red
nd red arrows corresponds to the intensity of volume flux (values given in m3 s−1). The
ashed arrows show the main and minor flow patterns, respectively.
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of LNG bases and Incheon New Port. Considering that the influence
range of the jet-flow during the DP is about 2.5 km, the TPP can
have a significant impact on the ship's operation. In addition, even
after the DP is finished, the anticlockwise rotating vortex formed
by the jet-flow has a secondary effect on the flow around the sea
route. Because the duration of the operation of the Sihwa TPPs in
the spring tide is more than 20 h per day, maritime safety issues as-
sociatedwith an increase in the current velocity aremore vulnerable
during spring tide than the period of neap tide. Therefore, it is neces-
sary to secure the stability of the ship's operation by analyzing and
predicting the influence range of the jet-flow according to the dis-
charge intensity from the TPP during spring tide.

▪ The jet-flow concentrated in transect BC during DP presented in this
study could be another risk factor for maritime safety associated
with depth maintenance, alongwith the movement and sedimenta-
tion of suspended sediments. In an observational study by Kim et al.
(2017), most of the suspended sediments during the DP moved to-
ward the LNG base. In addition, the suspended sediments tend to
move to the adjacent areas along the sea routewith an anticlockwise
rotating vortex. This means that sediments suspended in front of
LNG bases are concentrated due to the jet-flow in a narrow area
and are likely to settle, resulting in a decrease in the depth of the
sea route. However, because it is limited to understanding the sedi-
ment movement of the whole sea route system using only the time
series of SSC, observation and numerical modeling studies of sedi-
mentation, resuspension, and settling of suspended sediments are
necessary. In addition, since the concentration of sediments is af-
fected by seasonal changes (e.g., freshwater discharge, or wind) as
well as changes in flood-ebb and spring-neap variations, long-term
data collection is necessary.

▪ The patterns of water mass exchange toward Lake Sihwa through
transect AB during the PGP can be a source of sediment accumula-
tion in Lake Sihwa. Since the operation of the Sihwa TPP began,
there have been reports that the water depth of Lake Sihwa became
shallower (Kim and Koo, 2015). Kim et al. (2021) suggested that
most suspended sediments are steadily transported into the interior
of Lake Sihwa and the fate of these sediments does not flow out dur-
ing the DP but circulates in the dipole vortex. Therefore, down-
stream sediments can contribute to sediment accumulation in Lake
Sihwa. However, since the observation data suggested in this study
are limited to the downstream of the Sihwa TPP, there is a limitation
in representing the entire system of Lake Sihwa as a characteristic of
local sediment movement, so it is necessary to explain the detailed
sediment transport through additional observations.

6. Conclusions

Tidal power generation is a research topic that is hardly monitored
although they contribute to human activity and ensure stable electricity
production. Hydrodynamic impacts of tidal power generation are a spe-
cial issue for such a topic and require adequatemonitoring and a full un-
derstanding of their hydrological functioning. In this study, the field
measurements were conducted along the closed line in downstream
of Sihwa TPP to investigate the effect of tidal power generation on the
flow environment. For the first time, the spatiotemporal variations of
flow patterns during power generation were presented through obser-
vational data. The results also showed that the tidal power generation
induced asymmetry of water mass exchange between DP and PGP.
The following conclusions are drawn from this study:

(1) The Sihwa estuary has undergone dramatic spatial flow pattern
changes during tidal power generation. During the DP, jet-flow
of 1.5 m s−1 or more was observed in a narrow area (<700 m)
of transect BC. During this period, relatively weak current speeds
were observed in transects AB and CD and their directions were
opposite to each other. In contrast, the current speed during
11
the PGP was weaker than that during DP, but it showed complex
flow patterns, and a distinct reversed flow of flood current was
formed near the TPP due to the entrainment flow.

(2) The jet-flow observed at transect BC induced a horizontally
highly sheared flow along ABCD. However, the intensity and di-
rection of the vertical velocity structures were quite homoge-
neous, and as a result, the vertical shear was quite weak. The
disturbances of these velocity profile structures create barriers
that inhibit water mass transport, resulting in an unbalanced in-
tensity and direction of volume transport at AB and CD despite
the same flood current phase.

(3) On average, asymmetry of thewatermass transport entering and
exiting upstreamwas clearly observed between DP and PGP. The
watermass in the upstream during DP escapes through the tran-
sect BCwith a volumeflux of 9.52× 103m3 s−1, whereas that en-
tering the upstream during PGP mostly flows through transect
AB with a volume flux of 4.90 × 103 m3 s−1. Because these
water mass exchange processes were repetitive and periodic cy-
cles, they can contribute to the risk of maritime safety in the sea
route of INP and sediment accumulation in Lake Sihwa in terms
of long-term environmental changes.

The spatial observation data presented in this study include several
limitations. The observed data for the current velocity along ABCD con-
tain the effects of tide, the effects of discharge from a Sihwa TPP, and the
combined effects of tide and discharge. It is difficult to decompose and
analyze each effect using the observation currently being handled be-
cause there is a problem with the observation data length of 11 h.
Also, since the discharge rate of TPP was determined by the water
level difference between upstream and downstream, the spatiotempo-
ral flow patterns between spring and neap tide may be different. How-
ever, considering the fact that the operation of TPP is mostly carried out
during spring tide and the fact that there are few observational studies,
the results of this study can be reviewed as comparative references and
verification data for numerical modeling when the tidal power genera-
tion is planned in other regions in the future.
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