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Global sea level change patterns represent an average of gradual temporal changes occurring
across wide areas. However, localized sea level change patterns can differ significantly. In the
Republic of Korea, for instance, sea level rise along its coasts notably exceeds the global average.
The specific patterns of mean sea level (MSL) change vary considerably by sea area (e.g., east,
west, south, and Jeju) owing to regional differences in influencing factors. This is evident in the
diverse rates of sea level rise; the west sea records the lowest at 1.36 mm/year, whereas the Jeju
sea area has the highest at 5.81 mm/year, a difference of approximately 4.3 times. Crucially, the
recent acceleration in sea level rise, when combined with these regional variations, where
temporal and spatial changes converge, can intensify the rise, potentially creating areas highly
vulnerable to sea level rise. In this study, we analyze sea level changes along the coast of South
Korea using long-term tidal observation data collected at one-hour intervals from coastal tide
gauge sensors. These sensors continuously measure the sea surface at a high temporal resolution
(hourly), providing essential data for monitoring changes in the marine environment. Unlike past
research in which MSL rise (or fall) was estimated by simply taking the arithmetic mean of
observation data, our approach facilitated a sea level change analysis that simultaneously
considered both temporal and spatial variations using tidal data that accounted for only long-
period components. A prominent finding of the analysis is that the amount of sea level rise on
the west coast of South Korea increases from the north (Yeongjong Bridge) to the south (Mokpo).
The fact that sea level rise due to the long-period components (with short-period components
excluded) is greater in the south (Mokpo) suggests that, from a long-term perspective, the change
in MSL could be more significant in the southern region of the west coast than in the northern
part.

1. Introduction

Sea level rise refers to the phenomenon of rising global sea levels caused by climate change.
Owing to the use of fossil fuels and greenhouse gas emissions from human activities, the global
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average surface temperature has increased by approximately 1.1 °C during 2011-2020 compared
with 1850—1900. As a result of global warming, the oceans have absorbed more heat than before.
When seawater temperature increases, the volume of water expands, leading to a rise in sea
level. Moreover, as air temperature continues to rise, ice sheets and glaciers on land melt more
rapidly, and the meltwater flows into the oceans, further accelerating sea level rise.(! The rise
in sea level not only causes direct damage such as the flooding of low-lying coastal areas,
changes in tides and waves, and alterations in sediment transport, but also interacts with storm
surges and floods to create complex problems. These include impacts on the stability and
functionality of coastal structures and infrastructure.“~®

According to the Sixth Assessment Report published in 2023 by the Intergovernmental Panel
on Climate Change (IPCC),® the global mean sea level (MSL) rose at an average rate of 1.3 mm/
year from 1901 to 1971, and this rate increased to 3.7 mm/year between 2006 and 2018. Overall,
the global MSL increased by approximately 200 mm between 1901 and 2018, and the rate of
increase continues to accelerate over time. In the case of South Korea, the rate of sea level rise
tends to be higher than the global average. From 1989 to 2018, while the global average sea level
rose at a rate of 1.8 mm per year, the waters surrounding the Korean Peninsula rose by 2.74 mm/
year, and particularly around Jeju Island, the rate reached 4.75 mm/year.(1?

In reality, the intensity of factors affecting sea level changes varies across different coastal
regions of Korea including the east, west, and south seas and Jeju Island, resulting in significant
differences in the patterns of MSL change. The rate of sea level rise shows considerable regional
variation, with the west sea recording the lowest rate at 1.36 mm/year and the Jeju coastal area
exhibiting the highest at 5.81 mm/year, a difference of approximately 4.3 times.'D Recent
reports by the IPCC indicate that this rate of rise is highly likely to accelerate further in the
future compared with the past. When the accelerating sea level rise trend and the changes in the
regional rise rate are superimposed—that is, when the temporal and spatial variations of sea
level are superimposed—the sea level rise shows further acceleration, potentially leading to the
emergence of areas that exhibit vulnerability to sea level rise.(1?)

Sea level observations in Korea are conducted in real time at tidal observation stations
operated by the Korea Hydrographic and Oceanographic Agency (KHOA), using tide gauge
sensors installed along the coast. These sensors continuously measure sea level with high
accuracy, playing a crucial role in monitoring the marine environment and providing essential
data for understanding long-term climate change and coastal ocean processes. In recent years,
advancements in sensing technologies and data acquisition systems have significantly improved
the accuracy, continuity, and spatial coverage of sea level observations.

In this study, the sea level changes along the Korean coastal regions were analyzed using tide
gauge data. Unlike previous studies("'!-13) in which the rise or fall of MSL was estimated by
simply calculating the arithmetic average of tide gauge data, in this research, we applied the
Lanczos filtering technique, one of the filtering methods based on the Fourier transform. By
using tide gauge data filtered to retain only long-period components, in this study, we analyzed
sea level variations while simultaneously considering both temporal and spatial changes.
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2. Analysis Data and Methodology

In this section, we briefly review the current status of tide gauge and tidal observation data in
South Korea’s coastal waters for the analysis of temporal and spatial sea level variations, as well
as the methods used for this analysis. On the basis of the analysis methods presented in the
report, we briefly examine the limitations of conventional sea level change research and the
analysis method using Lanczos filtering, which is a technique that applies the Fourier transform
to overcome these limitations.

2.1 Collection of tidal observation data

Studies on sea level change in the Republic of Korea have primarily been conducted on the
basis of tidal observation data along the coast.1¥) For this study, hourly tidal observation data
from all tidal observation stations operated by the KHOA were collected to analyze the
spatiotemporal variations of sea level in the coastal areas. A total of 47 tidal observation stations
are currently in operation. Although the observation start dates for each station vary, all
observation data, including missing values, from the respective start date up to December 2021,
were collected and used for the analysis.

The tidal observation stations are distributed across seven locations on the east coast, 21 on
the west coast, 14 on the south coast, and four in the Jeju area. Among these, the Busan and
Mokpo stations possess the longest records, with observations starting in 1956, holding
approximately 65 years of tidal observation data. In contrast, the Pohang station, which began
observations in September 2018, has the shortest duration of recorded data. The location of each
tidal observation station by sea area, along with the duration of observation data held by each
station, is shown in Fig. 1.
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Fig. 1. Location of tidal stations and data retention period.
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2.2 Equations

Previous studies on sea level variation have included analyses of MSL changes, estimation of
extreme tidal variation rates, and investigations of long-term components.!>) The methods
predominantly employed in Korean sea level change studies are to first calculate the MSL by
arithmetically averaging the observed tidal data, and then to utilize it to identify the long-term
trend (rise or fall) of the sea level, or to determine the highest high water level (HHWL) from the
tidal data to ascertain its pattern of variation. While these approaches offer simplicity for the
basic estimation of sea level variability using observed tidal data, they possess inherent
difficulties in accurately projecting future sea level changes.(1419) This limitation stems from the
fact that the tidal observation data measured in coastal areas reflect the combined effects of
astronomical tides, meteorological tides, and climate change, and the analysis is conducted
without effectively distinguishing between these separate components.

In this study, a low-pass filter was used to exclude short-period components such as
astronomical and meteorological tides. By focusing on the long-term components, only the
factors that affect long-term sea level variations are considered in the analysis. The cutoff
frequency for the low-pass filter was set at 0.889 cycles/day (27 h) to filter out the four major
tidal constituents dominant in Korean waters, particularly components in the diurnal range and
at higher frequencies. The Q tide, with a period of 26.87 h, was chosen as the reference because
it is the longest-period diurnal constituent, despite having less impact than the four major
constituents. The filter allows long-period components to be included while eliminating short-
period ones. Note that the sharp drop to zero in the frequency response at the cutoff point may
cause Gibbs oscillations owing to the resulting discontinuity. To achieve this, the Lanczos
filtering method based on the Fourier transform(3:17:18) was applied. This filtering technique is
widely used in the analysis of oceanographic observational data, as it can significantly reduce
the amplitude of Gibbs oscillations that commonly occur when applying low-pass filters.(17:19)
The transformation of the time series using Lanczos filtering is performed using

M
Y,= > Wx, ;.(n=0,1, .., N-1) (1)
k=—M

Here, y, is the transformed output data, w; is the weight, and x,_; is the input data, which
consists of N data points (x(, xy, ..., X,—;). M is an arbitrary integer. Taking the Fourier transform
of y, in Eq. (1) yields

M M M
Y(a)) _ Z Yne—iamAt — Z a)ke—ia)kAt Z xn_ke—ia)(n—k)At — W(a))X(a)) (2)
n=—M n=—M n=——-M

Here, W(w) is the frequency response function that determines the transformation from the input
value to the output value, and w = 2nfis the cut-off frequency. The weight w; presented in Eq. (1)
and the response function W(w) in Eq. (2) are determined by
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where At represents the data time interval, which is 1 h, and wy is the Nyquist frequency, which
has a value of 1/2 the period of the data interval. In the case of a low-pass filter, once the cut-off
frequency w, is set, the weights (w;) in the interval 0 < |w| < w,. are given by

o = Ksinnkwj / “’“"} )
Oy Wy Wy

Further details on Lanczos filtering have been given by Claude® and Richard and William.2%

3. Results and Discussion

In this section, on the basis of the analysis method presented in Sect. 2, we analyzed the
monthly MSL using the results of Lanczos filtering for all tide gauge observation stations in the
Korean coastal zone, and simultaneously examined the spatiotemporal variation pattern of sea
level using a Hovmoller diagram.

3.1 MSL analysis

Among the various methods used to study sea level variation, the most representative
approach is to calculate the MSL and analyze its changes.(”” The monitoring of MSL is the
simplest way to intuitively grasp sea level variation patterns, which is why most past studies
have presented monthly (or annual) MSL values. The raw tidal data observed at each tidal station
include the effects of all tidal constituents; however, for accurate analysis, short-term variability
should be excluded and the long-term components should be considered.(!*2D Accordingly,
monthly MSL analysis utilizing the results of Lanczos filtering®) was performed for all tide
gauge observation stations.

The MSL values calculated using the Lanczos filtering results obtained in this study were
compared with the MSL values provided by the KHOA for validation. The results of this
comparison are shown in Fig. 2.

To quantitatively assess the degree of agreement between these results, the relative accuracy
(RA) was calculated using Eq. (6) and is expressed as the percentage of the Lanczos-filtered
monthly MSL values relative to the MSL values provided by the KHOA. Since RA is around
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Fig. 2. (Color online) Results of comparison of monthly MSL values at all points.

100% at all stations, it can be concluded that the calculated monthly MSL values in this study are
generally within the valid range.

_ Meanof Lanczos Method
MSL(by KHOA)

x100 ©6)

3.2 Tidal analysis considering long-period components

In this study, analysis was performed using tidal observation data provided by the KHOA.
Initially, a preprocessing stage was conducted to remove erroneous values contained in the
observation data, specifically by eliminating continuously recorded values of ‘0’ or values that
were entirely irrelevant to the tidal fluctuation trend. Following data preprocessing, a low-pass
filter was applied to remove short-period variability components, such as astronomical and
meteorological tides. Among the results derived from this process, the data from the Gunsan
tidal station on the west coast are presented as a representative example in Fig. 3.

Figure 3(a) presents the raw tidal observation data recorded at the station, whereas Fig. 3(b)
shows the result of low-pass filtering, where only long-period components were considered and
short-period components were excluded. The filtering result demonstrates a significant reduction
in the tidal range compared with the raw data, as both the diurnal tides and semidiurnal tides,
which account for the majority of the tidal components, were removed.

An examination of the frequency—amplitude spectra before and after filtering, presented
together in Figs. 3(c) and 3(d), shows that in Fig. 3(c), the frequency with the highest amplitude is
approximately 2 cycles/day, followed by a secondary peak at about 1 cycle/day. These correspond
to the semidiurnal tide, which occurs twice a day, and the diurnal tide, which occurs once a day.
Such results can be attributed to the effect of the four principal tidal constituents that
predominantly affect the tidal characteristics in Korean coastal waters. Furthermore, in Fig. 3(d),
which shows the spectrum after applying the low-pass filter, it can be confirmed that these
frequencies have been effectively removed.
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Fig. 3. Results of the tide analysis using the low-pass filter of Lanczos filtering (Gunsan on the west coast).

This characteristic is particularly prominent on the west and south coasts, where the effect of
tides is dominant, whereas the east coast exhibits a different pattern. The results for the Sokcho
tide gauge station, which represents the east coast, are shown in Fig. 4. The observed tidal range
at this site is much smaller than that along the west coast, and the amplitudes corresponding to
the semidiurnal and diurnal tidal frequencies are barely noticeable. This indicates that, along the
east coast, the effect of astronomical tides with frequencies equal to or lower than the diurnal
tide is highly limited.

3.3 Temporal variation patterns of sea level

The variation in sea level is not uniform over time; its rate of change can either accelerate or
decelerate. In this study, two methods were used to perform data splicing (or data joining) to
examine the temporal variation patterns in each sea area. First, to identify changes in the
monthly MSL, nonlinear splicing was performed using a multidimensional smoothing spline.
The multidimensional smoothing spline, denoted as S, generates the spline that minimizes the
following Eq. (7).

dx

PZ(Y,. ~5(x)) +(1—P)J.(d—2§]2 dx ™)

Here, x; and y; represent the input data corresponding to time and tide level, respectively, and P
is the smoothing parameter, which takes a value between 0 and 1. The fitting was performed so
that Eq. (7) can be automatically minimized. The results of the smoothing spline fit using Eq. (7)
are exemplified by the Wando tide gauge station on the south coast, as shown in Fig. 5.



4214 Sensors and Materials, Vol. 38, No. 7 (2026)

00T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 77T
T (a)Observed tide data Station:East01(SokCho)
S 400 -
a8
5 200 -
>
3 I ot i B At PP e P I I NN P 0
3 oF
o
T
=S, Y2 SN N S T Y Y T T O T S T N T |
73 74 75 76 77 78 79 80 8182 83 84 85 86 87 8889 90 91 92 93 94 95 9697 98 9900 01 02 03 04 05 06 07 08 0910 11 12 13 14 15 16 17 18 19 20
Year(yy)
ewrmrmmrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 11T
£ (b)27hr cut-off tide data Station:East01(SokCho)
S 400l B
=
S 200} .
(3
3 AP A s NN, PP St P Pl N A At P P st i, s
= of
@
E_—mnllllllllllllllllllllllllllllllllllIllllllllllll
73 74 75 76 77 78 79 80 8182 83 84 85 86 67 8389 90 91 92 93 94 95 96 97 98 9900 01 02 03 04 05 06 07 08 0910 11 12 13 14 15 16 17 18 19 20
Year(yy)
80 1(SokCho) _ 80 - (SokCho)
T (c)Spectrum of Observed Data 3 (d) Spectrum of 27hr cut-off tide data
S 60 = 60
o
3 3
£ 40 £ 40
- o
£ £
q 20 < 20
QL LTI 1y | o 1
10+ 10 102 10 100 10 102 104 102 102 10 100 10! 102
Frequency (cycles/day) Frequency (cycles/day)

Fig. 4. Results of tide analysis using the low-pass filter of Lanczos filtering (Sokcho on the east coast).
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Fig. 5. (Color online) Linear and nonlinear fitting of low-pass filtering data (Wando on the south coast).

The results of the smoothing spline splicing curve derived using Eq. (6) are presented
alongside the analysis of the sea level variation pattern using linear fitting in this study, as shown
in Fig. 5. This linear fitting was performed to quantitatively calculate and present the trend of
sea level rise (or fall), consistent with approaches in previous studies on sea level change
analysis.

The analysis of the temporal variation pattern of the sea level was performed for all tidal
stations using the splicing curves derived by the two methods. The results for the east and west
coasts showed a similar pattern to the analysis results of the Wando tidal station on the south
coast (see Fig. 6). Specifically, the sea level exhibits repeated cycles of rising and falling in
accordance with the seasons, and while there are differences in the quantitative amount of rise
(or fall), the temporal variation pattern of the sea level was found to be generally similar.

3.4 Spatiotemporal variations of sea level

As previously mentioned, sea level rise can be accelerated when the temporal variation
patterns of the sea level and the rise rates of the regional location in each sea area overlap.1? In
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Fig. 6.  (Color online) Linear and nonlinear fittings of low-pass filtering data (Mukho on the east coast).

the case of South Korea, the tides of the east, west, and south coasts exhibit distinct
characteristics, necessitating the analysis of sea level variation patterns for each sea area
individually. Considering this, it is crucial to identify areas vulnerable to sea level rise.

In this study, the Hovméller diagram©®? was employed to analyze the spatiotemporal changes
in sea levels and to clearly identify their spatial distribution and movement patterns. By plotting
time on the X-axis and latitude (or longitude) on the Y-axis, these diagrams provide an effective
visualization of how key variables change simultaneously over time and space, making it easier
to track their distribution and movement trends.

Therefore, the Hovmoller diagram serves as a basis for comprehensively understanding the
temporal and spatial traits of tides by visualizing water level changes along the time—latitude
direction. Specifically, the periodic fluctuations in sea level deviations and the latitude-
dependent differences in phase and amplitude represent the distinct marine dynamical properties
inherent to the coastal waters of the east, west, and south seas of Korea. Meanwhile, using the
temporal sea level change data for each tide station presented above, we constructed the
Hovmoller diagram for each sea area regarding sea level changes along the east, west, and south
coasts of South Korea, and the patterns of sea level change were analyzed.

A look at the representative results for the west coast (see Fig. 7), for which there are long-
term observation data and a relatively high number of tidal stations that allow for a more
detailed examination of the sea level’s temporal and spatial variations, reveals that the magnitude
of sea level rise increases as one moves from the northern part of the west coast (Yeongjong
Bridge) toward the southern part (Mokpo). The region and period corresponding to the lower
right-hand side of Fig. 7 (near Mokpo, after the 2000s) are distinctly marked in red. This
indicates that the sea level height in this area is more than 20 cm higher than the average sea
level for that sea region, and this elevated state is maintained for a longer duration.

Generally, the tidal range tends to increase from the southern to the northern part of the west
coast. However, since astronomical tides with periods shorter than one day were removed
through low-pass filtering, the results shown here reflect only the long-period components. The
fact that sea level rise driven by long-period components is greater in the southern region
(Mokpo) suggests that, from a long-term perspective, variations in MSL are likely to be more
pronounced in the southern part of the west coast than in the northern part (Yeongjong Bridge).
Therefore, the southern region can be interpreted as being more vulnerable to sea level rise.
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Fig. 7. (Color online) Temporal and spatial changes of sea level along the west coast.

4. Conclusions and Significance

This study was conducted to comprehensively analyze the temporal and spatial variation
patterns of the sea level using tide gauge data observed along the domestic coast of South Korea.
Fourier-based Lanczos filtering was applied to exclude short-period variability components
(under 27 h), such as astronomical and meteorological tides, focusing the analysis solely on long-
period factors that induce sea level changes.

The application of Lanczos filtering(!¥ confirmed that dominant tidal components, such as
diurnal and semidiurnal tides, were effectively removed, resulting in a significantly reduced sea
level compared with the raw data. However, despite the filtering of short-period components, a
variability pattern with an approximately one-year period persisted, which was confirmed to be
due to the effect of other long-period astronomical tides.

Analysis of the long-term sea level change pattern using the calculated monthly MSL data
showed that linear fitting confirmed a general upward trend in sea level at the majority of
observation stations, allowing for the quantitative determination of the long-term trend.
Simultaneously, the results of nonlinear analysis via multidimensional smoothing spline splicing
demonstrated a distinct seasonal variation, evidenced by the repetitive pattern of sea level rise in
the summer and fall in the winter each year.

Furthermore, Hovmoller diagrams®? were constructed using the temporal variation data of
the sea level for each tidal station to simultaneously identify the temporal and spatial
characteristics of sea level change. The analysis confirmed that in all sea areas, the magnitude of
sea level change was greater and higher in recent years than in the past. Specifically, on the west
coast, where long-term observation data are abundant, a significant spatial asymmetry was
observed, with the magnitude of sea level rise being considerably greater in the southern region
(Mokpo) than in the northern region (Yeongjong Bridge). This implies that the southern west
coast region sustains a higher sea level than the regional mean for a relatively longer duration,
suggesting that this area may be a vulnerable zone owing to sea level rise.
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In conclusion, the integrated analysis method utilizing Lanczos filtering and the Hovmoller
diagram applied in this study is highly significant, as it facilitates a precise analysis that
considers only long-period components while simultaneously capturing the spatiotemporal
variation patterns of the sea level. This analytical technique is capable of rapidly and accurately
processing large amounts of observation data and can be effectively applied regardless of
differences in the quality of observation records across stations, thus serving as crucial
foundational data for long-term sea level variability analysis in domestic coastal waters.
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