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Abstract

For the design of wind-power facilities, the highest and lowest astronomical tides (HAT and LAT, respectively) are needed for the tidal-water
levels regarding international designs; however, the approximate highest high water and approximate lowest low water AHHW and ALLW,
respectively, have been used in Korea. The HAT and LAT in the wind-farm test-bed sea should be estimated to satisfy the international standard.
In this study, the HAT and LAT are therefore estimated using the hourly tidal-elevation data of the Eocheongdo, Anmado, Younggwang, Gunsan,
Janghang, and Seocheon tidal-gauging stations that are located in the adjacent coastal sea. The nodal variation patterns of the major lunar
components, such as M2, O1, and K1 are analyzed to check the expected long-term lunar cycle, i.e., 18.61 year's nodal-variation patterns. The
temporal amplitude variations of the M2, O1, and K1 clearly show the 18.61-years periodic patterns in the case of the no-nodal correction
condition. In addition, the suggested HAT and LAT elevations, estimated as the upper and lower confidence limits of the yearly HAT and LAT
elevations, are 50 cm greater than the AHHW and 40 cm lower than the ALLW, respectively.
Copyright © 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As the majority of the produced charts are intended for
marine-navigation use, nautical cartographers have chosen, in
the interests of navigation safety, a datum level whereby the
water depth indicated at any given place will be the least depth
of water that should be encountered there. This datum level is
referred to as the “chart datum” and the International Hydro-
graphic Organization (IHO) has resolved that this should be

the Lowest Astronomical Tide (LAT) that they define as fol-
lows: The lowest predicted tide level that can occur under
average meteorological conditions and under any combination
of astronomical conditions. According to the recommendation,
the LAT is calculated either over a minimum period of 19
years using the harmonic constants that are derived from the
minimum of a one year observation or by the other proven
methods that provide reliable results (FIG, 2006).

The value of a chart datum is therefore determined by
analyzing the tidal observations in a given place over a long
period of time, and the chart datum is set so that it lies just
below the lowest low tide that can be predicted for that place.
The value of the determined chart datum is connected to the
land leveling system. One of the issues with the chart datum is
that it varies both spatially and temporally. The collection of
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hydrographic data is a slow and expensive process, and much
of the held data is consequently quite old; given the spatial and
temporal variations of the chart datum, this is a not a trivial
matter. Consequently, hydrographers and nautical cartogra-
phers seek the establishment of the corresponding Global
Vertical Reference Frame through which vertically referenced
marine and terrestrial data can be merged, while the data that
are related to the chart datum for navigation-safety uses are
still allowed.

In 1997, the IHO Tidal Committee recommended the
acceptance of the LAT as the reference for the chart datum to
IHO members. Until 2010, 12 countries including the UK,
France, Denmark, Spain, and Australia accepted this recom-
mendation (KHOA, 2012; ICSM, 2011). In the U.S.A., the
MLLW (Mean Lower Low Water) that is averaged over 19
years of tidal-elevation monitoring data has been used for the
chart datum. A global trend regarding the use of the LAT for
the chart datum has also emerged (Gill and Schultz, 2001).

The IEC 61400-3 also suggested that the concepts of HAT
and LAT should be applied to check the tidal elevation as a
basic design factor for the design of wind-farm facilities. The
HAT and LAT are the highest and lowest astronomical tidal
levels during the full nodal periods, i.e., 18.6 years, which can
be theoretically estimated by using a number of tidal constit-
uents (IEC, 2009). Slobbe et al. (2013) applied the shallow-
water flow model in the North Sea using the HAT and LAT,
and Turner et al. (2013) checked the model accuracy by
applying the ocean circulation model to the global oceans.

Byun and Cho (2009) showed the error reduction effects by
only considering the nodal modulation for tidal forecasting in
the Mokpo coastal sea, whereby a comparison was made be-
tween the six widely-used models. Haigh et al. (2011) sug-
gested that the 18.61-year lunar tidal component is highly
effective with the diurnal tide in medium-scale tidal seas (tidal
range is over 4.0 m), and that the 4.4-year lunar tidal cycle is
the most effective with the semi-diurnal tide in high-scale tidal
seas (tidal range is over 6.0 m); here, they checked the effect
on the high water levels from the 18.61- and 8.85-year lunar
tides, respectively.

Houston and Dean (2011) suggested an analytic solution
for which the impacts on the acceleration of the water surface
elevation from the 18.6-year lunar tidal component are
computed using below-60-year tidal-recording data sets. Feng
et al. (2015) showed that an increasing rate regarding the
amplitude of the M2 tide in the Yellow Sea can reach 4e7 mm/
year by analyzing the long-term change patterns of the M2, S2,
N2, O1 and K1 tidal components, whereby the tidal elevation
data of the 17 tidal-gauging stations in the coastal sea of China
are used. Hansen et al. (2015) insisted that the large-scale
water surface oscillations of the 55.8- and 74.4-year periods,
which amount to three or four times that of the 18.61-year
lunar tidal period are generated in the north-western Euro-
pean sea.

In Korea, the AHHW (approximate highest high water) and
ALLW (approximate lowest low water) have been used as the
design-reference tidal levels for the high and low water levels,
and the ALLW has been used for the chart datum (MMAF,

2014). The IEC (International Electro-technical Commis-
sion) and the DNV (Det Norske Veritas) standards, however,
use the LAT as the reference tidal level. The datum level
(reference tidal level, chart datum) can be estimated using the
in situ monitoring data whereby the local characteristics are
considered because the datum level (reference tidal level, chart
datum) is different between countries and is also site-specific.

Only a slight difference is evident between the references
of the domestic and international tidal levels. As the present
practice should follow the international standard for the design
of wind-farm power plants and turbines, the estimation of the
new HAT and LAT standards should also be checked in detail.
Jeong et al. (2016) carried out an estimation error analysis of
the HAT and LAT using 31 year, long-term hourly tidal
elevation data from the Wido station in Korea.

The aim here is the deciding of a design-reference tidal
level, such as HAT and LAT, for one of the coastal design
values that are necessary for the design report regarding the
south-western 2.5 GW wind-farm test-bed sea. For this pur-
pose, the HAT and LAT are estimated using the tidal-elevation
data from the tidal-gauging stations that are located adjacent to
the test-bed sea. The estimated levels are compared to the
AHHW and ALLW, which have been used for a long-time as
the reference tidal levels in Korea for coastal structure risk
management.

2. Materials and methods

2.1. Tidal elevation data

KHOA (Korea Hydrographic and Oceanographic Associa-
tion) observes the tidal elevation at the tidal gauging stations
in the coastal sea, and it provides quality-controlled hourly
tidal-elevation data. The long-term in situ monitoring data,
however, contains many substantial missing intervals because
of unexpected monitoring condition changes, extreme weather
conditions, and so on, and filling in the data (imputation) of
the missing interval is practically difficult. These missing data
are the main source of the error generation in the course of the
harmonic analysis; however, from the perspective of in situ
coastal monitoring, the use of incomplete tidal-elevation data
sets is difficult to avoid.

In November 2010, the Ministry of Trade, Industry and
Energy publicly announced an investment plan (about 9.2
billion USD until 2019) for the activation of a domestic wind-
farm power-plant industry as part of the action plan of the
2.5 GW wind-farm project. Based on the plan, the government
and power-plant company groups have been completing a 100-
MW-scale actual-proof complex development as the first
development stage of the south-western 2.5-GW-level wind-
farm power complex in the Anmado, Chollanamdo, and the
Wido, Chollabukdo. In this study, a detailed check for the
reference tidal level is carried out using the Wido, Gunsan,
Seocheon, Eocheongdo, Younggwang, and Janghang gauging
stations that are located in the nearby wind-farm complex. The
location and information of the tidal gauging stations are ar-
ranged and displayed in Table 1 and Fig. 1.
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Meanwhile, many large-scale projects such as the Sae-
mangeum reclamation project and the Geumgang sea dike
construction project are also being implemented in this coastal
sea, and a substantial change of the tidal systems is expected.
The basic information of the main projects is summarized in
Table 2.

2.2. Software for harmonic analysis

TASK (Tidal Analysis Software Kit) 2000 and T_Tide are
widely used for the harmonic analysis of tidal-elevation data.
TASK 2000 is software that is based on the TIRA tidal-
analysis programs (Murray, 1964), and 35 of the tidal con-
stituents of the POL (Proudman Oceanographic Laboratory)
are used. T_Tide is software that has been programmed with
MATLAB for which the Fortran Program, written by Foreman

and Neufeld (1991) and Godin (1991), is used; it can predict
the tidal elevation using 45 tidal constituents and 24 shallow-
water components. Pawlowicz et al. (2002) carried out the
error analysis for the harmonic analysis using T_Tide. In this
study, a self-developed MATLAB-based program that is based
on the T_Tide nodal-factor computation function is used
for the harmonic analysis, and 145 tidal constituents are
included.

2.3. Application of harmonic analysis

Mathematically, periodic oscillations are described in terms
of an amplitude and a period or frequency. The basis of the
harmonic analysis is the assumption that tidal variations can
be represented by a finite number, m, of the harmonic terms of
the form, as follows:

hðtÞ ¼
Xm
j¼1

Aj cos
�
uj$t� gj

�
; ð1Þ

where Aj is an amplitude, gj is a phase lag on the equilibrium
tide, and uj is an angular speed of the j-th tidal constituents,
respectively. The time zero for gj may be in local time, but it is
often represented as the phase lag on the equilibrium tide
phase at the Greenwich meridian, in which case it may be
called Gj. This use of the equilibrium tide as a reference for a
tidal analysis is one of its important functions.

Table 1

Description of the tidal-gauging stations near the offshore wind farm.

Stations Longitude (N) Latitude (E) Analysis period

Observation period

Wido 35� 370 0500 126� 180 0700 E 1985e2015

Gunsan 35� 580 3200 126� 330 4700 E 1981e2015
Seocheon 36� 070 4400 126� 290 4300 E 2011e2015

Eocheongdo 36� 070 0200 125� 590 0500 E 2007e2015

Younggwang 35� 250 3400 126� 250 1400 E 2002e2015

Janghang 36� 000 2500 126� 410 1500 E 2003e2015

Fig. 1. Location map of tidal stations and offshore wind farm.
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The angular speed, uj, is determined by an expansion of the
equilibrium tide into similar harmonic terms; the speed of
these terms assumes the general form, as follows:

uj ¼ iau1 þ ibu2 þ icu3 þ idu4 þ ieu5 þ ifu6; ð2Þ

where the value of u1 to u6 is the angular speed that is related
to the astronomical parameters (see Table 3), and the co-
efficients ia to if are small integers that are usually in the re-
gion from �2 to 2. The amplitude and the phases are the
parameters that are determined by the analysis, and they define
the tidal conditions at the place of observation.

An examination of the relative amplitudes of the constitu-
ents in the mathematical expansion of the equilibrium tide
shows that a few harmonics, usually M2, S2, O1 and K1 are
dominant in practice.

All of the lunar constituents are affected by the 18.61-year
nodal cycle. Certain lunar constituents are also affected by the
8.85-year cycle of the Moon's perigee. These slower modula-
tions, which cannot be separately determined from a year of
data, must be represented in some way for an analysis. In the
full harmonic expansion, they appear as terms that are sepa-
rated from the main term by the angular speeds idu4 and ieu5.
The terms that are separated by ifu6, which change over
21,000 years, may be considered constant for all practical
purposes.

The modulations are represented to the amplitude Aj and
the phase gj in the harmonic expansion by the small adjust-
ment factors f and u.

Each constituent is written according to Eq. (3), as follows:

hðtÞ ¼
Xm
j¼1

Aj fj cos
�
uj$t� gj þ uj

�
: ð3Þ

The nodal factor and the nodal angle are 1.0 and 0.0,
respectively, for the solar constituents, as there are no nodal
effects on the solar tides.

Table 2

A large-scale project list considered to have a significant impact on the tidal system in the Gunsan coastal sea.

Project Period Main contents

Gunsan inner port 1930e1958 Extension of 8000 T-scale port in 1958 after 3000 T-scale three floating-

pier construction in 1930s.

Suitable for small ships and fishing boats because of the low draft.

Gunsan outer port (first wharf construction) 1974e1979 Construction of wharf e deposition of contaminated sediment. Groin

construction as measure for the reduction of the deposition.

Capital dredging project (50e100 million ton per year)

Gunsan regional industrial complex* 1978e2005 Industrial land (5,641,000 m2) creation (Soryongdong region, Gunsan,

Korea)

Gunsan national industrial complex* 1988e1994 Industrial land (6,828,000 m2) creation (Soryongdong region, Gunsan,

Korea)

Geumgang sea dike 1983e1988 Start construction in 1983, tidal closing in 1985, Completion of

construction in 1988. Gate is open all the time after construction. Gate is

open only for freshwater-discharge condition since 1994.

Gunsan outer port (second wharf construction) 1985e1990 Wharf construction (20,000 T-scale, two berths, 10,000 T-scale, one berth)

Gun-Jang new port North groin 1990e1997 Part of the Gun-Jang Development project. Construction of 7.1-km-long

groin.

Gunsan outer port (3rd wharf construction) 1992e1995 Wharf construction (20,000 T-scale, three berths)

Gun-Jang new Port South groin 1992e1998 Part of the Gun-Jang Development project. Construction of 2.9-km-long

groin.

Gun-Jang national industrial complex* 1991e2006 Industrial-land (15,921,000 m2) creation (Osikdo and Bieungdo regions,

Gunsan, Korea)

Fourth wharf construction 1995e1997 Wharf construction (Auto-mobile wharf) (20,000 T-scale, one berth)

Fifth wharf construction 1995e2000 Wharf construction (20,000 T-scale, eight berths)

Gunsan harbor North breakwater 1997e2004 3.0-km long breakwater construction for harbor tranquility of the wharf

facility in 2014.11.

Gun-Jang industrial complexes/tidal closing Tidal closing in 2000 Tidal closing and reclamation of the western sea wall in Gunsan district

Disposal facility of the dredged material

(reclamation of the artificial island)

Tidal closing in 2000 Started in 1970. Site is divided into the 1, 2, 3, and 4 segments.

Tidal closing and reclamation of segment 3 (disposal facility of dredged

material in Gunsan inner-port sea wall)

Saemangeum sea dike 1998e2006 Saemangeum sea-dike construction project. Sea-dike construction. Final

tidal closing project in 2006.4. Implementing the sea-water exchange using

regular gate-opening. Completion of construction in 2010.

Table 3

Basic speeds and origins of the astronomical arguments (uj) that provide the

frequencies of the harmonic constituents. Note that u0 ¼ u1 þ u2 � u3 (Pugh,

2004; Pugh and Woodworth, 2014) and “msd” ¼ mean solar day.

Period Degrees per mean

solar hour

Symbol

Mean solar day 1.0000 msd 15.0000 u0

Mean lunar day 1.0351 msd 14.4921 u1

Sidereal month 27.3217 msd 0.5490 u2

Tropical year 365.2422 msd 0.0411 u3

Moon's perigee 8.85 years 0.0046 u4

Regression of moon's nodes 18.61 years 0.0022 u5

Perihelion 20,942 years e u6
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The next stage in the application of the harmonic analysis is
the fitting of the chosen harmonic constituents to the sea level
observations according to a general form of Eq. (1). This is
performed to determine the values of Aj and gj for the gauge
site. In the harmonic method of the analysis, a tidal function is
fit to the sea level observations, as follows:

hðtÞ ¼ Z0 þ
Xm
j¼1

Aj fj cos
�
uj$t� gj þ

�
Vj þ uj

��
; ð4Þ

where the unknown parameters are Z0 (mean sea level), and
the series of constituent amplitudes and phases Aj and gj,
respectively. Z0 is included here as a variable to be fitted in the
analysis, but it is generally shown separately, as shown in Eq.
(1). The fj and uj are the nodal adjustments, and when
considered together, the terms ujt and Vj determine the phase
angle of the equilibrium constant. Vj is the equilibrium phase
angle for the constituent at the arbitrary time origin. The
accepted convention is the acceptance of Vj as the Greenwich
Meridian and t as the standard time zone of the observation
station.

The chart datum is defined locally to maintain a close
proximity to the LAT level. One early definition, used for the
chart datum in Korea where both the diurnal and semidiurnal
tides are important as they are in parts the Indian Ocean, is the
Indian Spring Low Water, as follows:

Z0 � ðHm þHs þH0 þH0Þ; ð5Þ
where Hm denotes the amplitude of the M2 constituent, and so
on. Eq. (5) is the definition of the ALLW. It is used as the chart
datum in Korea.

Meanwhile, AHHW can be defined as the summation of the
four major tidal harmonic terms, such as Eq. (6), with refer-
ence to the chart datum.

2ðHm þHs þH0 þH 0Þ: ð6Þ

Based on harmonic tidal terms, the relative importance of the
diurnal and semidiurnal tidal constituents is sometimes
expressed in terms of a form factor, F (Pugh and Woodworth,
2014), as follows:

F ¼ H0 þH0

Hm þHs

: ð7Þ

In general, the tides may be roughly classified as follows:
F ¼ 0e0.25 (semidiurnal form); F ¼ 0.25e1.50 mixed,

mainly semidiurnal; F ¼ 1.50e3.00 mixed, mainly diurnal;
and F ¼ greater than 3.0, diurnal form.

3. Results of the HAT and LAT estimations

The harmonic analysis for which the nodal factors are
included is conducted using Eq. (4). The nodal factors are
essential components, and should be considered in estimations
of the HAT and LAT for which long-term tidal-elevation data
are used.

The temporal amplitude variations of the M2, O1 and K1

excluding nodal factor show the 18.61 years periodic patterns
as shown in Fig. 2.

However, the Hm containing nodal factors should be con-
stant in the same location, such as Fig. 3, because it is a site-
specific value under the condition where there are no causes
that change the Hm value, such as a large-scale coastal proj-
ect. The Hm values, however, show some degree of annual
fluctuation due to the missing data intervals, instrument
malfunctions, and the presence of some coastal development
projects. The Hm-fluctuation degree in Gunsan is severe
because the site is very close to the sites of the main coastal
construction project. Regarding the Wido and Younggwang
stations, the Hm variations have been relatively small (nearly
constant) since 1999 and 2006, respectively; however, the Hm

variation patterns of the other three sites (Eocheongdo,

Fig. 2. Temporal amplitude variations of M2, O1 and K1 excluding nodal factor.
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Seocheon, and Janghang stations) are not suitable, as the
analysis periods are too short to check the long-term variation
pattern.

As shown in Table 2, a large number of coastal-
development projects are pertinent here. In particular, the
mega-scale Saemangeum sea-dike projects (33.9 km long) that
were implemented from 1991 to 2006 disturbed the tidal
system to a certain degree. The use of post-2007 tidal

elevation data is therefore reasonable for the attainment of an
understanding of the present tidal situation in this coastal sea.

The estimated form factor that is based on the nodal factors
shows a relatively constant value, as shown in Fig. 4.
The mean value of the form factors since 2007 is arranged in
Table 4. Based on the form-factor value, the tides may be
roughly classified as the semidiurnal form. It is reasonable to
use the Wido and Younggwang tidal-elevation data for the

Fig. 3. Annual variations of the amplitudes of the principal semidiurnal lunar tide (M2).
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design of coastal structures because these sites are very close
to the pilot wind-farm project site. Unlike the Seocheon,
Gunsan, and Janghang gauging stations that are located in the
nearshore regions, a relatively large form-factor value is
shown because the wind-farm facility in the sea area is located
off the coast. It is not a universal phenomenon, but just local
characteristics.

Fig. 4. Annual variations of the form factor at each gauging station.

Table 4

Mean form-factor values of tidal-gauging stations.

Tidal-gauging stations Form factor

Eocheongdo 0.229

Seocheon 0.205

Gunsan 0.204

Janghang 0.198

Wido 0.216

Younggwang 0.213
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In Fig. 5, the annual variations of the AHHW and HAT are
plotted, and the ALLW and LAT are plotted in Fig. 6 to
compare the chart datum. In this case, the estimated difference
between the reference tidal levels could be substantial
depending on the reference tidal levels and methods that are
used. Figs. 7 and 8 are the box-plots of the estimated HAT and
LAT values for which the hourly tidal-elevation data of each
year are used. The HAT range is relatively larger than those of
the Seocheon, Gunsan, and Janghang stations, whereas it is
smaller than that of Eocheongdo station. The LAT range is
relatively smaller than those of the Seocheon, Gunsan, and
Janghang stations, whereas it is relatively larger than that of
Eocheongdo station. These spatial differences are derived
from the local tidal characteristics. The use of the tidal
elevation data sets of the Wido and Younggwang gauging
stations is therefore more reasonable for the design of the
south-western 2.5 GW wind-farm test-bed sea, because these
stations are located in the most-adjacent area and similar tidal
characteristics are exhibited.

The estimations of the HAT, LAT, AHHW, and ALLW of
the Wido and Younggwang gauging stations are summarized

in Table 5. As shown in Table 5, the HAT is approximately
35e55 cm larger than the AHHW, and the LAT is approxi-
mately 25e50 cm smaller than the ALLW based on the point-
estimation values, i.e., the mean values.

The mean of the estimated HAT and LAT is regarded as the
point estimation; however, the annually estimated HAT and
LAT show variances in terms of the statistical random vari-
able. From the perspective of safety, the final HAT and LAT
values are the suggested upper limit and lower limit of the
95% confidence intervals of the HAT and LAT, respectively. In
this case, the HAT and LAT can be regarded as more safe and
reasonable with respect to design tidal levels.

4. Conclusion

In this study, the HAT and LAT are estimated, and their
variation patterns are analyzed using the tidal-elevation data
sets at the Wido, Gunsan, Seocheon, Eocheongdo, Young-
gwang, and Janghang gauging stations that are located in the
adjacent sea of the offshore wind-farm zone. The estimations
are carried out with annually-divided long-term tidal-elevation

Fig. 5. Annual variations of the estimated AHHW and HAT.
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data, and the harmonic analysis program written by MATLAB
language, for which 145 tidal constituents are included, is
used.

In this coastal sea, where diverse and large-scale con-
struction projects have been implemented, the temporal vari-
ations of the Hm amplitude across the six stations show large

Fig. 6. Annual variations of the estimated ALLW and LAT.

Fig. 7. Box plots of the estimated HAT at the six gauging stations. Fig. 8. Box plots of the estimated LAT at the six gauging stations.
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annual differences because of the tidal pattern changes. The
use of the tidal-elevation data that were recorded since the
year that the construction was completed, 2007, is therefore
highly recommended to decide the tidal datum levels. These
trends correspond to the results of the Wido and Gunsan sta-
tions and their relatively-long-term data sets.

Meanwhile, the form factors do not show noticeable dif-
ferences of the temporal (annual) variation, but a substantial
difference of the spatial variation, is evident, based on the
results from the comparison between the Wido and Young-
gwang data-based estimation values. The semi-diurnal com-
ponents are weakened for the Eocheongdo station, whereas
they are intensified for the Seocheon and Gunsan stations. The
sole use of the Wido and Younggwang elevation data is highly
recommended for the estimation of the HAT and LAT of the
offshore wind-farm test-bed coastal zone.

The LAT from the European chart datum is approximately
25e50 cm lower than the ALLW from the Korea chart datum,
while the HAT is approximately 35e55 cm higher than the
AHHW. To receive the international industrial certificate for
the offshore wind farm, the European standards, i.e., the HAT
and LAT, should be introduced in the design and construction
of coastal structures, and a new level estimation and com-
parison check between the Korean and international chart
datum, need to be performed for the entirety of Korean coastal
seas.

In particular, it is highly expected that the tidal character-
istics (systems, patterns) will be changed because many
diverse projects have been implemented over a long time
period (approximately 1970 to 2006-10). Using only the post-
2007 data set ensures the consistency of the estimation results
in terms of an in-depth check of the tidal-elevation data. In
addition, in the case of a long-term data analysis that is shorter
than 50 years, additional quantitative research is necessary for
the very long-term sea-level rises and oscillations that have
been omitted from the 56- and 74-year periods.
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Table 5

Various reference tidal levels at the Wido and Younggwang stations.

Statistical estimates Wido Younggwang

HAT (cm) AHHW (cm) ALLW (cm) LAT (cm) HAT (cm) AHHW (cm) ALLW (cm) LAT (cm)

Maximum 386.7 331.1 �328.3 �356.5 393.3 338.2 �335.4 �362.1

Mean 373.9 330.0 �330.0 �362.6 386.5 337.2 �337.2 �374.9

Minimum 366.1 328.3 �331.1 �372.5 378.1 335.4 �338.2 �386.2

Suggested values 379.4 330.8 �330.8 �367.2 389.9 337.9 �337.9 �379.7
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