Acta Oceanol. Sin., 2023, Vol. 42, No. 10, P. 127-136
https://doi.org/10.1007/s13131-023-2231-5
http://www.aosocean.com

E-mail: ocean2@hyxb.org.cn

Contributions of annual and semiannual tidal constituents to
chart datum in the China seas and adjacent waters

Yikai Feng!, Yanguang Fu'*, Long Yang!, Dongxu Zhou!
1 First Institute of Oceanography, Ministry of Natural Resources, Qingdao 266061, China

Received 23 March 2023; accepted 27 June 2023

© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Global uniform chart datum (CD) surface construction is the basic upon which to realize various vertical datums
transformation, and is of great importance for geospatial data expression under the same vertical datum.
Generally, the CD level is computed by developing the function between tidal constituents’ harmonic constants
and time, i.e., the lowest astronomical tide is taken as the lowest predicted tide level by adopting the major
constituents over a 19-a period. The CD surface prescribed in China is the theoretical lowest tide (TLT) and is
calculated using 13 tidal constituents, i.e., short -period (Q,, O,, P, K}, N,, M,, S,, K,, M,, MS, and M) and long-
period (Sa and Ssa) tidal constituents. Although the accuracy in determining short-period tidal constituents has
improved gradually, the long-period tide has not been studied thoroughly owing to nonstationary and temporal
variations. Previous studies have intended to evaluate the effect of Sa and Ssa tides in the determination of the
TLT level for the purpose of determining a more accurate CD surface for the China seas and adjacent waters.
Here, the parameters of long-period tidal correction and long-period tidal correction rate were treated as the
effect of both Sa and Ssa on the TLT, and the TOPEX/Poseidon and Jason series satellite altimetry data ranged
from October 1992 to April 2022 were adopted to analyze the contribution of long-period tidal constituents.
Results showed that the average long-period correction value is 10.10 cm (range from 8.57 cm to 14.98 cm), and
that the average long-period tidal contribution rate is 14.56% (range from 9.09% to 23.97%) in the China seas and
adjacent waters. Finally, data from 82 tide gauge station with at least a 1-a record of hourly observations were
compared with satellite-derived result. We concluded that the long-period tidal contribution should not be
neglected in TLT construction. Furthermore, to reduce tidal datum uncertainty, accurate extraction of long-
period tidal constituents should receive closer attentions.
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1 Introduction

As sea level changes globally, accurate determination of the
ocean tidal datum plays an increasingly important role in analys-
is of sea level variation, ocean depth determination and vertical
datum unification (Gill and Schultz, 2001; Slobbe et al.,2018).
Generally, tidal datum is constructed by adopting tidal constants
extracted from tide gauge measurements, satellite altimetry data,
and tide models (El-Diasty, 2020). However, with increasing fo-
cus of accurate extraction of short-period tidal constituents, i.e.,
the diurnal and semidiurnal tidal constituents, the contribution
of the long-period tidal constituents has not been received ad-
equate attention in the past studies despite its importance in the
determination of the tidal datum.

Different types of tidal datums, such as the lowest astronom-
ical tide (LAT), mean lower low water, and theoretical lowest tide
(TLT), have been adopted as chart datum (CD) in various coun-
tries to determine horizontal boundaries and provide accurate
vertical references for bathymetry (Wu et al., 2019). Modern tidal
datum construction is based on ocean tide models. The near-
continuous digital expression of a CD is achieved using grid

model with high-resolution geographic locations, and the accur-
acy of a datum model depends mainly on the tide model. For ex-
ample, the US-based Vertical Datum Transformation project
used a regional ocean tide model to establish the mean lower low
water surface (Parker et al., 2003; Yang et al., 2010). The UK and
Eire Vertical Offshore Reference Frames project produced an in-
laid tide model that combined a regional and global ocean tide
model to establish a corresponding LAT model (Iliffe et al., 2013).
Although the advantage of the inlaid tidal model is that it im-
proves the accuracy of the diurnal and semidiurnal tidal con-
stituents, the LAT value does not consider the effects of long-
period tidal constituents. Some earlier studies on global ocean
tide model assessment (Cheng and Andersen, 2011; Lyard et al.,
2021; Egbert and Erofeeva, 2002), analyzed the accuracy of the
performance of short-period tidal constituents (i.e., diurnal of
semi-diurnal tidal constituents), but did not conduct similar as-
sessment of long-period tidal constituents (Shum et al., 1997;
Stammer et al., 2014). Consequently, accurate extraction of long-
period tidal constituents has not received sufficient attention.
Satellite altimetry data can provide a continuous, high spatial
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resolution sea-level height time series with near global coverage
that allows for accurate evaluation of the spatiotemporal charac-
teristics of long-period tidal constituents (Yuan et al., 2023).
However, satellite altimetry observations show poor accuracy
performance because of the land-sea interactions (Guo et al.,
2022) and inaccurate geophysical correction models in coastal
areas (Andersen and Scharroo, 2011). In recent years, satellite al-
timetry has made great progress both in reducing instrument er-
ror and an improving data processing and correction models
(Pascual et al., 2009), which make it a more feasible approach for
obtaining a reasonable spatial distribution of reliable long-peri-
od tidal constituents. Recently, Handoko et al. (2017) and Fu
et al. (2020b) conducted detailed evaluation of the main geo-
physical corrections to derive accurate sea surface heights in the
Indonesian seas and the South China Sea, respectively. Owing to
its current accuracy and maturity, altimetry is considered a fully
operational observation system dedicated to scientific and opera-
tional applications, and it is increasingly applied to research in-
vestigating the precision of short-period tidal constituents (Fu
et al., 2020a; Wei et al., 2022; Daher et al., 2015). For example,
Fang et al. (2004) used a 10-a series of TOPEX/Poseidon (T/P)
along-track altimetry data to derive the semidiurnal, diurnal, and
long-period tides in the China seas and adjacent waters, and
highlighted that sea level observation conducted over a period of
at least several years is necessary to obtain reliable long-period
tidal harmonic constants. Harmonic analyses of 16-a long time
series of T/P and Jason-1 altimeter data were conducted to study the 18.6-a
nodal constituent (Cherniawsky et al., 2010). Additionally, T/P-
Jason-1-Jason-2 primary mission along-track data collected over
almost 20 a were used to derive four principal tidal constituents
(M,, S,, K;, and O,;) (Cheng et al.,, 2016) and eight diurnal and
semidiurnal mean tide constituents (Daher et al., 2015).
However, the contributions of long-period tidal constituents to
tidal datums remain rarely studied (Yusof et al., 2017).

Long-period tides (e.g., 8 d, 2 weeks, 1 month, 6 months and
18.6 a) have been studied since the late 19th century (Wunsch,
1967). The long-period tidal correction, i.e., that for annual (Sa)
and semiannual (Ssa) tidal constituents, is a component of the
CD used in China. However, most global tide models do not
provide tidal constants of Sa and Ssa, except for the FES2014,
NAQO99b (Matsumoto et al., 2000), and EOT 20 (Hart-Davis et al.,
2021) models, and the Sa and Ssa tidal constituents provided by
those models are the simulation results of pure fluid dynamics
(amplitude < 1 cm). The large differences between tide model
results and tide gauge observations limit the use of tide model
results. Thus, investigates of the spatial distribution of the long-
period tidal contribution should rely on combined use of satel-
lite-derived retrievals and tide gauge observations.

The China seas and adjacent waters, i.e., the Bohai Sea, Yel-
low Sea, East China Sea, and South China Sea, have different tid-
al properties such as diurnal, semidiurnal, and mixed tides that
make them among the most complex tidal waters globally. Re-
cently, Ke et al. (2020) calculated an LAT seamless CD model
based on tidal constants derived from the Atlantic Ocean 2008
model. In Li et al. (2020), the FES2014 global tide model was ad-
opted to construct the TLT and LAT datum model, and statistical
analysis was performed on the distribution of the datum values of
TLT and LAT. Unfortunately, these studies did not consider the
contributions of long-period tidal constituents when construct-
ing the CD surface.

The aim of this study was to investigate the contributions of
long-period tidal constituents to the TLT in the China seas and
adjacent waters. Accordingly, the remainder of the paper is struc-
tured as follows. Section 2 presents the data and methodology

Feng Yikai et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 10, P. 127-136

used for determining the TLT. Section 3 investigates the regional
variability of the long-period tidal constituents extracted from
satellite altimetry and tide gauge observations. Section 4 ana-
lyzes the magnitude of the long-period tidal contributions to TLT.
Section 5 discusses in detail the reasons for the tidal contribution
differences between tide gauge observations and satellite-de-
rived results. Finally, Section 6 presents the derived conclusions.

2 Materials and methods

2.1 Tide gauge data

The dataset of harmonic constants used in this study com-
prised observations obtained from 82 tide gauge stations. Data
from 61 stations comprised Global Extreme Sea Level Analysis
version 2 (GESLA-2) tide gauge records (Piccioni et al., 2019), and
the data from the remaining 21 stations comprised privately col-
lected Chinese tide gauge (CTG) observations. Geographic in-
formation pertaining to the CTG is listed in Table 1, and Fig. 1
displays the locations of all the tide gauge stations.

The GESLA-2 tide gauge records, distributed on a quasi-glob-
al scale, are freely available from the PANGAEA repository
(http://www.gesla.org). The GESLA-2 tide gauge database con-
tains 39 148 a of sea level data from 1 355 stations with at least a
1-a record of hourly (or more frequent) sea level observations
(Woodworth et al., 2016). The harmonic constants were ob-
tained, the least squares method was used, with the criterion of
the minimum period of the observations of each record must be
larger than 1 a and the maximum length of temporal gaps were
below 30%. The 61 stations used in this paper contain 1 379 a of
tide gauge observations, Fig. 2 displays a histogram of the time
length of the tidal observations at each of the 61 stations.

The period of hourly observations sampled at each of the CTG
stations extended from January 1, 2010 to December 31, 2012.
The tidal harmonic constants of the tidal constituents, i.e., Q,, O,,
P, K, N,, M,, S,, K,, M, MS,, M, Sa, and Ssa, were derived from
harmonic analysis of the observations (Ruiz-Etcheverry et al.,
2015). During the harmonic analysis, missing observations were
not filled through interpolation because interpolation methods
can distort the results of the spectral analysis of water level re-
cords. The amplitude and Greenwich phase value of the Sa and
Ssa tidal constituents at each CTG station are listed in Table 1.

2.2 Satellite altimetry data

We used satellite-derived sea level height data from the T/P,
Jason-1, Jason-2, and Jason-3 missions covering from October
1992 to April 2022, acquired from the Radar Altimeter Database
System (http://rads.tudelft.nl), which provides a harmonized,
validated, and cross-calibrated set of altimeter data (Scharroo et
al.,, 2013). The 30-a-long altimetric time series allow precise de-
termination of annual-period tidal constituents.

We referred to the literature regarding the impact of the alti-
meter corrections of tidal height variations when applying differ-
ent models for a given geographical correction. Table 2 presents
a summary of the chosen models and the corrections applied to
obtain tidal heights from the altimeter record that coincide with
the default corrections of the Radar Altimeter Database System.
We applied various environmental corrections (wet and dry tro-
pospheric corrections, ionospheric correction, and sea state bias)
and geophysical corrections (polar tide, solid earth tide and load
tide corrections), but ignored the inverse barometer correction to
ensure consistency with the tide gauge records. The tidal con-
stants of the 13 tidal constituents mentioned above were then es-
timated directly through harmonic analysis of each single along-
track tidal time series using the S_TIDE toolbox (Pan et al., 2018).
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Table 1. Geographical information and harmonic constants of annual (Sa) and semiannual (Ssa) long-period tidal constituents at the

Chinese tidal gauge stations

Station No. Latitude

Longitude

Sa

Ssa

Amplitude/cm Amplitude_err/cm Phase Phase_err Amplitude/cm Amplitude_err/cm Phase Phase_err

1 40.30°N 122.10°E 29.12 2.66 201.39° 5.44° 2.89 2.38 32.40° 52.58°
2 39.82°N 124.15°E 27.55 2.72 207.66° 5.83° 3.21 231 28.94° 49.13°
3 39.23°N  122.67°E 26.06 2.99 208.31° 11.45° 2.22 2.88 8.46° 31.01°
4 39.21°N 119.01°E 28.27 2.28 204.85° 4.76° 2.79 3.21 352.59° 44.48°
5 38.98°N 117.78°E 29.75 2.10 203.27° 10.51° 3.51 1.80 342.81° 19.70°
6 38.92°N 118.51°E 27.52 2.27 203.63° 10.18° 3.18 2.39 344.52° 38.74°
7 37.83°N 120.74°E 24.82 2.45 210.42° 2.08° 1.39 2.48 346.74° 53.38°
8 37.65°N 120.32°E 25.12 2.15 209.95° 5.45° 1.47 2.18 331.86° 78.95°
9 36.87°N 122.42°E 22.15 2.11 215.09° 6.37° 1.72 1.91 2.79°  47.21°
10 36.27°N 121.38°E 22.38 3.01 216.26° 11.97° 1.48 2,73 351.93° 31.51°
11 30.83°N 121.83°E 19.77 2.15 227.49° 5.44° 2.52 1.97 6.50° 85.80°
12 29.22°N 121.97°E 16.55 2.98 244.01° 11.50° 2.69 2.96 38.39° 33.42°
13 28.69°N 121.47°E 14.19 2.27 253.30° 5.06° 3.76 2.01 23.76° 89.55°
14 26.92°N 120.22°E 13.61 2.78 274.62° 10.96° 4.38 2.56 57.26° 36.11°
15 25.47°N 119.83°E 13.22 2.03 283.79° 8.64° 4.61 2.26 55.42° 17.03°
16 24.88°N 118.95°E 15.07 291 296.64° 11.98° 4.87 2.62 60.15° 30.16°
17 23.40°N 117.10°E 13.06 1.79 301.71° 5.08° 5.27 1.71 57.36° 68.61°
18 23.22°N 116.78°E 13.00 2.27 302.15° 8.59° 5.67 2.33 59.45° 52.76°
19 21.02°N  109.12°E 10.01 3.07 273.42° 6.16° 6.03 3.25 86.63° 48.57°
20 20.23°N 110.13°E 10.54 1.42 292.42° 9.10° 6.29 1.46 76.82° 14.69°
21 18.23°N 109.50°E 14.45 2.02 315.19° 4.75° 7.50 2.16 69.13° 60.72°
Note: err represents standard error.
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Fig. 1. Tide gauge station distribution in the China seas and ad-
jacent waters. Red dots indicate the Chinese tide gauge stations
considered in this study, black triangles identity locations of the
GESLA-2 stations, and solid gray lines indicate the TOPEX/Pos-
eidon and Jason primary mission tracks.

Owing to the phenomenon of tidal aliasing caused by the re-
lationship between the frequency of the tidal constituents and
the sampling period of the sea level data (i.e., the sampling peri-

Jason satellite data used in this study. Therefore, the 13 tidal con-
stituents can be guaranteed to be fully resolved.

2.3 China’s chart datum determination

The TLT has been adopted as the CD of the China seas and
adjacent waters. According to the relevant regulations of the
Marine Surveying and Mapping Institute of the People’s Libera-
tion Army Navy (State Administration for Market Regulation and
Standardization Administration of the People’s Republic of
China, 2022), the TLT was calculated using diurnal and semidi-
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Table 2. Geographical correction models used for tidal constituent analysis

Geography correction - Edit criteria Description
min/m max/m
Dry tropospheric correction -2.40 -2.10 ECMWEF dry tropospheric correction
Wet tropospheric correction -0.60 0.00 radiometer wet tropospheric correction
Ionospheric correction -0.04 0.04 smoothed dual-frequency ionospheric correction
Solid earth tide -1.00 1.00 Elastic response to tidal potential
Load tide -0.50 0.50 FES2014a load tide

Table 3. Length of TOPEX/Poseidon satellite-derived data required to fully separate the 13 tidal constituents (unit: a)

Constituent Ssa Q, 0, P, K N, M, S, K, M, MS, M,
Sa 1.00 0.23 0.14 0.32 0.90 0.16 0.21 0.19 0.31 0.09 1.51 0.06
Ssa 0.31 0.17 0.47 9.19 0.19 0.26 0.24 0.45 0.10 0.60 0.06
Q 0.37 0.87 0.32 0.47 1.62 1.04 0.96 0.15 0.20 0.08
O, 0.26 0.17 1.63 0.47 0.57 0.27 0.27 0.13 0.10
P, 0.50 0.31 0.56 0.47 9.19 0.13 0.27 0.07
K, 0.19 0.27 0.24 0.47 0.10 0.56 0.06
N, 0.67 0.87 0.32 0.23 0.14 0.10
M, 2.94 0.60 0.17 0.18 0.09
S, 0.50 0.18 0.17 0.09
K, 0.13 0.26 0.07
M, 0.09 0.17
MS, 0.06

urnal (Q,, O,, P,, K, N,, M,, S, and K,), shallow-water (M,, MS,
and M), and long-period (Sa and Ssa) tidal constituents, by the
following equation:

TLT = — min[(fH)k, cosdk, + (fH)k,cos(2¢x, + as) — Ri—
Rz — R3 + (fH)M4 COS ¢M4 + (fH)MS4 COS ¢MS4+
(fH)Myc08¢PM, + HssaCOSPssa — Hsa [COSPsal], )

where TLT is the CD value, H and fare the amplitude and focus
factor of each tidal constituent. The TLT is the one variable func-
tion of ¢k,, which ranges from 0° to 360°. The minimum value of
this function is the TLT. Among which, L,,,, is the long-period
tidal contribution:

Llong = HSsacos¢Ssa — Hg, |COS¢Sa‘ . (2)

According to the equilibrium relationship between tidal com-
ponents, the following approximate hypothesis is introduced:

Ri= /() + (fH) 0, ) +2(H)y, (FH) o, 08 (65, +-a1)
Ry = \/((fH)sz)zJr (

(H)p, ) +2(fH)s, (fH)p,cos (éx, +a2) (3)
Ry = \/(UH)N2)2+ (UH)Q,>2+2(J‘H)NZ (/H)Qlcos (¢x, +as)
a1 = g, + 8o, — &M,
az = 8k, + 8p, — &5, @

as = gk, + 8q, — 8N,
a, = 2g1(‘ — 180° — 8K,

where g is the phase of each tidal constituent. In calculation of
the TLT, the fvalue of each tidal constituent was determined de-
pending on the tidal regime, specific calculation process can be
referred to Standardization Administration of China (State Ad-
ministration for Market Regulation and Standardization Admin-
istration of the People’s Republic of China, 2022).

3 Regional variability of long-period tidal constituents

3.1 Temporal variability

Different from short-period tidal constituents, i.e., M, and K,
that have relatively stable amplitude and phase, the long-period
tidal constituents of Sa and Ssa are nonstationary and show sub-
stantial temporal variation (Feng et al., 2015).

To assess the temporal variability of Sa and Ssa, long-term ob-
servations (1988-2011) from 22 of the 82 tide gauge stations were
selected. First, tests were performed by adopting continuous re-
cords of time series data of six different lengths, i.e., 1aand 2 a, 3 a,
5a, 10 a, and 18 a. Then, the amplitude and phase of each of the
13 tidal constituents were obtained through harmonic analysis
for each individual time series and the TLT value was calculated.
Table 4 lists the maximum difference, minimum difference, and
standard error of Sa and Ssa amplitude and the TLT value, differ-
ence refers to the difference between results obtained from tidal
observations at different time scales and the mean.

It can be seen from Table 4 that the Sa and Ssa constituents
obtained from annual scale tidal observations have greatest in-
stability, mainly because the period of Sa is 1 a; thus, the annual-
scale tidal level data only just meet the requirement of its shortest
period. For tidal observations on the 2-a time scale, the obtained
values of Sa and Ssa both show a reasonable degree of improve-
ment, e.g., the standard error of Sa is increased from 2.69 cm to
1.79 cm. When the time scale reaches 10 a, the standard error of
Sa and Ssa is only 0.60 cm and 0.43 cm, respectively, with very
high accuracy. However, it is virtually impossible for most tide
gauge stations to obtain continuous tidal measurements over a
period of more than a decade. The results show that the longer
the time scale of the observation record, the more stable the de-
rived long-period tidal harmonic constant. To reduce the influ-
ence of temporal variability, a time series record with length of at
least 3 a is required for extraction of adequate long-period tidal
constituents.

3.2 Spatial variability
The China seas and adjacent waters can be divided into four
regions: the Bohai Sea (38°-41°N, 119°-127°E), Yellow Sea
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Table 4. Differences in amplitude (cm) of long-period tidal constituents and theoretical lowest tide (TLT) value obtained from time

series records of different time scales

X X Sa Ssa TLT
Continuous time length - - -

min max err min max err min max err
la -8.53 9.94 2.69 -5.77 5.15 1.95 -26.80 19.06 5.69
2a -7.25 5.08 1.79 —4.56 3.67 1.37 -26.76 18.61 5.09
3a —-6.40 4.51 1.44 -2.70 3.15 1.09 -23.80 18.12 4.72
5a -3.46 3.18 1.06 -1.99 2.54 0.89 -12.38 14.47 4.22
10a -2.05 1.99 0.60 -1.27 1.25 0.43 -8.34 7.40 2.81
18a -1.06 0.74 0.29 -0.57 0.76 0.19 -1.48 1.68 0.43

Note: err represents standard error.

(33°-38°N, 117°-126°E), East China Sea (23°-33°N, 117°-131°E),
and South China Sea (0°-23°N, 100°-122°E). As described in Sec-
tion 2.2, time series records of sea level change from October
1992 to April 2022 were derived from T/P-Jason series satellite al-
timetry data, from which Sa and Ssa tidal constants were calcu-
lated for 7 961 along-track points by adopting the harmonic ana-
lysis method.

The spatial distributions of the satellite-derived along-track
values of amplitude and phase of the Sa and Ssa tidal constitu-
ents are presented in Fig. 3. It can be seen that the long-period
tidal harmonic constants have marked spatial variability. For ex-
ample, the maximum value of Sa amplitude of 26.24 cm is in the
Bohai Sea, with 57.3% and 17.9% of the along-track points below
10 cm and above 15 cm, respectively. The magnitude of Ssa amp-
litude is smaller than that of Sa amplitude, i.e., the maximum
value is 7.40 cm, with 86.1% of the along-track points below 3 cm.
In the China seas and adjacent waters, the average amplitude of
the Sa and Ssa tidal constituents is in the range of 8.08-15.82 cm
and 1.86-2.21 cm, respectively. It should be noted that the num-
ber of along-track satellite points located in each of the four re-
gions of the China seas and adjacent waters varied, which will
have affected the statistical results, i.e., there were 219, 458, 1 268,
and 6 016 along-track points in the Bohai Sea, Yellow Sea, East
China Sea, and South China Sea, respectively.

We observed that the long-period tidal amplitude showed
gradual change spatially, with smaller magnitudes in deep open-
ocean areas. It is suggested that the large spatial differences and

gradual spatial gradients in satellite-derived long-period tidal
constituents contribute to spatial variability in the CD.

Furthermore, the water depth of 200 m was taken as the di-
viding line, and the water depth data was from the ETOPO1 mod-
el (https://www.ncei.noaa.gov/products/etopo-global-relief-
model). The study area was divided into offshore and deep-sea
areas. The statistics of amplitude values of Sa and Ssa were
shown in Fig. 4.

It can be seen from Fig. 4 that the amplitude values showed
large magnitude in the offshore area than the deep-sea area for
both Sa and Ssa constituents, and these two long-period tidal
constituents displayed consistent spatial distribution of amp-
litude in offshore and deep-sea area respectively. From the per-
spective of mathematical statistics, the average amplitude value
of Sa in offshore and deep-sea area is 10.36 cm and 5.65 cm, re-
spectively, and for Ssa is 2.65 cm and 1.82 cm, respectively.

In the offshore area, the amplitude values of Sa in 76% of
along-track points range from 5 cm to 15 cm, but for Ssa constitu-
ent, 79% points are below 4 cm. Combined with Fig. 3, we can see
that the large values are mainly located in the Bohai Sea, South
China Sea and Gulf of Thailand. In contrast to offshore waters,
the vast majority of along-track points are located in deep-sea
area, where more reliable satellite-derived results can be extrac-
ted. In deep-sea area, the amplitude values of Sa in 80% of points
range from 2 cm to 8 cm, and for Ssa constituent, 66% points are
below 2 cm.

Tide gauge stations provide sea level height values with high
accuracy and high resolution. In recent studies, tide gauge obser-
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Fig. 3. Satellite-derived tidal amplitudes and phase values of annual (Sa) and semiannual (Ssa) long-period tidal constituents.

vations have been regarded as “true” data with which to evaluate
satellite-derived or model-derived tidal constants. The 18.61-a time
series is ideal for obtaining true tidal constants based on the Ray-
leigh criterion for tidal constituent separation. A record of at least
one full year of tide gauge observations is required for obtaining
the Sa tidal constituent, although this might include large inac-
curacies in the data. Finally, we obtained long-period tidal con-
stants of the Sa and Ssa tidal constituents at the 82 tide gauge sta-
tions, and their amplitude and phase are presented in Fig. 5.

In comparison with the satellite-derived results, the amp-
litude of Sa derived from the tide gauge data varies over a larger
scale (0.64 - 29.75 cm). However, the amplitude of Ssa is more re-
stricted (0.67 - 8.16 cm). The large differences observed in Sa and
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Ssa are mainly the result of their behavior in coastal sea areas.
Comparison of the tide gauge records and the nearest satellite al-
timetry grid point data is discussed in Section 5.

4 Magnitude of tidal contributions to TLT

The long-period tidal constituent corrections (LTCs) and con-
tribution rates (LTCRs) were calculated for each satellite along-
track point and each tide gauge using Eq. (1). The LTCR refers to
the percentage of the LTC in the TLT.

The satellite-derived results were interpolated onto a 15’ x 15’
grid using the inverse distance weighting method, and the spa-
tial distribution of the LTCR is shown in Fig. 6. The largest LTCRs
are found in the Gulf of Thailand, northeastern South China Sea,
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Fig. 4. Statistics of amplitude values of annual (Sa) and semiannual (Ssa) in offshore (depth < 200 m, a and c) and deep-sea (depth >

200 m, b and d) area.
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Fig. 5. Long-period tidal constants of annual (Sa) and semiannual (Ssa) tidal constituents at the 82 tide gauge stations.

and Japan Sea (East Sea). According to statistics of the valid
along-track points, 82.1% of the LTCs are in the range of 5-20 cm,
2.5% of the LTCs are >20 cm, and 15.4% of the LTCs are <5 cm.

To investigate the relative performance of the LTC in relation
to the four regions of the China seas and adjacent waters, histo-
grams of the LTCs are presented in Fig. 7 and further results are
listed in Table 5. In the Bohai Sea, the LTCR of approximately
71.2% of along-track points is >20%, the average LTCR is 24.0%.
Additionally, the average LTC is 14.98 cm. The LTCR is remark-
able in this area, which might reflect the large amplitude of Sa. In
the Yellow Sea, East China Sea, and South China Sea, the average
LTRCs are 15.06%, 10.12%, and 9.09%, respectively. It should be
noted that some of the variation among the regions is attribut-
able to the different numbers of along-track points in the four dif-
ferent regions of the China seas and adjacent waters.

The TLT is calculated using three types of tidal constituent:

major (diurnal and semidiurnal), shallow-water and long-period
constituents. Our data showed that these three types of correc-
tion have different contribution rates in the China seas and adja-
cent waters. The maximum average value of the LTCR is up to
23.97% in the Bohai Sea; average LTCR in the entire study area is
14.56%.

5 Discussion

Assessment of the accuracy of the satellite-derived long-peri-
od tidal constituents was performed by comparing the results
from the 82 tide gauge stations with the nearest satellite along-
track point data. Figure 7 illustrated the relationship of the tidal
amplitude difference between tide gauge observations and the
satellite-derived results. The difference in Sa amplitude is in the
range of -5.27 cm to 14.73 cm, and 48.8% of the difference values
are < 10 cm (average value is 5.65 cm; standard deviation value is
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Fig. 6. Spatial distribution of satellite-derived long-period tidal
contributions. Colored dots depict results from the tide gauge
stations.
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4.23 cm). The difference in Ssa amplitude is between —-2.31 cm
and 6.50 cm, with 73.2% of values within +2 cm (average value is
1.02 cm; standard deviation value is 1.70 cm).

It is evident that the difference in Sa amplitudes is larger at
higher latitudes (Fig. 8a). For example, the amplitude difference
is in the range of -0.72-11.44 cm at 29.22-34.65°N and in the
range of —0.19-13.38 cm at north of 34.75°N. The positive values
indicate that the amplitude differences are larger in the tide
gauge results than in the satellite-derived results. Figure 8b
shows the amplitude difference as a function of distance between
a tide gauge station and the nearest satellite along-track point.
Distances range from 2.91 km to 261.28 km, although significant
correlation between them was not found.

Figure 9 compares the LTCR between the tide gauge results
and the satellite-derived results. The difference between them
ranges from -40.59% to 14.33%, with 80.5% of stations within
+5%. The maximum LTCR value is 34.18% (Station 65, see Fig. 1)
and the second-highest value is in the Yellow Sea (Station 8,
33.78%). An interesting phenomenon is that although these two
stations show the largest LTCR value, the long-period tidal amp-
litude of each of these stations is not the largest compared with
that of surrounding stations. For example, Station 5 shows the
largest amplitude of 29.75 cm, with an LTC value of 27.22 cm, but
the LTRC value is only 11.98%.

6 Conclusions
Multi-mission satellite altimetry data and tide gauge observa-
tions were used to study the contribution of long-period tidal
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Fig. 7. Distribution of the long-period tidal constituent contributions to the theoretical lowest tide (TLT).

Table 5. Average contribution of three types of tidal constituents to the theoretical lowest tide in the four regions of the China seas

and adjacent waters

Sea area Eight major constituents contribution/% Shallow water tidal contribution/% Long-period tidal contribution/%
Bohai Sea 77.08 2.18 23.97
Yellow Sea 85.78 1.96 15.06
East China Sea 91.80 0.63 10.12
South China Sea 92.87 1.28 9.09
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constituents to the TLT in the China seas and adjacent waters.
The TLT was calculated using 13 different tidal constituents (Q,,
0,, P, K, N,, M,, S,, K,, M, MS,, M, Sa and Ssa) and a long-
period tidal correction was performed by combining the Sa and
Ssa tidal constituents.

A tidal height time series extending for almost 30 a derived
from the T/P and Jason series satellite altimetry data, but without
inverse barometric correction to ensure consistency with the tide
gauge results. First, we found that the maximum amplitudes of
the satellite-derived along-track Sa and Ssa tidal constituent were
31.13 cm and 12.38 cm, respectively. The average amplitudes of
Sa and Ssa in the China seas and adjacent waters were 9.39 cm
and 1.95 cm, respectively. We analyzed the LTC and LTCR of the
satellite-derived results, which revealed that the average LTC and
LTCR values in the study area were 10.10 cm and 14.56%, re-
spectively.

In the four regions of the China seas and adjacent waters, the
average LTC value was largest in the Bohai Sea (23.97%) and
smallest in the East China Sea (9.09%); the derivation of this
parameter was affected by the total number of along-track points

in the different regions. The amplitudes of Sa and Ssa obtained
from the 82 tide gauge observations were range of 0.64-29.75 cm
and 0.67-8.16 cm, respectively. The low precision of satellite alti-
metry data in coastal areas is the main factor that contributes to
the differences between the tide gauge data and the satellite-de-
rived results. Comparisons of the differences in the LTC values
between the observations from the 82 tide gauge stations and the
satellite-derived results indicated that long-period tidal correc-
tion is vital to the establishment of the TLT. Therefore, precise ex-
traction of long-period tidal constituents will be the focus of our
future research.
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