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Abstract

Understanding time-changing tidal characteristics is essential for numerous practical purposes, such as flood prevention, nav-

igation, and ocean engineering. Previous studies mainly focus on tidal evolution in coastal areas while tidal changes in deep

water areas receive limited attention due to the lack of long-term high-frequency sea level records. In this paper, we extract

the inter-annual and decadal tidal variability in the South China Sea (SCS) from 24 coastal tide gauges and 25-year satellite

altimeter observations using the novel S TIDE toolbox. Through numerous sensitivity experiments, it is found that ˜17 inde-

pendent points (IPs) are suitable for extracting inter-annual and decadal tidal variability in the deep basin of the SCS. It is

also found that tidal variability and sea level variability are closely correlated in most parts of the SCS. The high correlation

between tidal variability and sea level variability in the central deep basin of the SCS is associated with the El Niño–Southern

Oscillation(ENSO). The results obtained from satellite data are less stable and accurate than those obtained from long-term

tidal gauge observations, but the methods described here provide a strong foundation for future research on time-varying tidal

dynamics using the combination of tide gauges and satellite altimeter data.
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ABSTRACT 26 

Understanding time-changing tidal characteristics is essential for numerous 27 

practical purposes, such as flood prevention, navigation, and ocean engineering. 28 

Previous studies mainly focus on tidal evolution in coastal areas while tidal changes 29 

in deep water areas receive limited attention due to the lack of long-term 30 

high-frequency sea level records. In this paper, we extract the inter-annual and 31 

decadal tidal variability in the South China Sea (SCS) from 24 coastal tide gauges and 32 

25-year satellite altimeter observations using the novel S_TIDE toolbox. Through 33 

numerous sensitivity experiments, it is found that ~17 independent points (IPs) are 34 

suitable for extracting inter-annual and decadal tidal variability in the deep basin of 35 

the SCS. It is also found that tidal variability and sea level variability are closely 36 

correlated in most parts of the SCS. The high correlation between tidal variability and 37 

sea level variability in the central deep basin of the SCS is associated with the El 38 

Niño–Southern Oscillation (ENSO). The results obtained from satellite data are less 39 

stable and accurate than those obtained from long-term tidal gauge observations, but 40 

the methods described here provide a strong foundation for future research on 41 

time-varying tidal dynamics using the combination of tide gauges and satellite 42 

altimeter data.  43 

Key words: tides, tidal variability, South China Sea, harmonic analysis, satellite 44 

altimeter data, sea level variability 45 
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1. Introduction 47 

Ocean tides show obvious non-astronomical variations worldwide due to 48 

perturbations from factors such as river discharge (Matte et al., 2013, 2014; Pan and 49 

Lv, 2019), ice cover (Zhang et al., 2019), sea level rise (Pelling and Green, 2013) and 50 

water depth and shoreline change induced by human activities (Familkhalili and Talke, 51 

2016; Chant et al., 2018; Ralston et al., 2019). Temporal changes of major tidal 52 

constituents have been reported at local or regional scales in the Hawaiian Islands 53 

(Ray and Mitchum, 1997; Mitchum and Chiswell, 2000; Colosi and Munk, 2006), the 54 

Gulf of Maine (Godin 1995; Ray, 2006; Pan et al., 2019), the Western Pacific (Devlin 55 

et al., 2014), the Eastern Pacific (Jay, 2009), the coast of China (Feng et al., 2015) and 56 

the North Atlantic (Ray, 2009; Muller, 2011).  57 

Most previous studies have focused on tidal changes in coastal areas since nearly 58 

all tide gauges are located in these areas. However, tidal changes in the deep sea have 59 

received less attention due to the lack of long-term sea level observations. Since the 60 

launch of the TOPEX/Poseidon (T/P) mission in 1992 and the subsequent Jason series 61 

of altimetry platforms, satellite altimeter data have been widely used in numerous 62 

studies of tidal dynamics and have significantly enriched our knowledge of ocean 63 

tides in the deep sea. Satellite-derived tidal constants have been assimilated into tidal 64 

models which have significantly improved their accuracy (Stammer et al., 2014). 65 

However, to the best of our knowledge, no studies have thoroughly investigated tidal 66 

evolution or short-term tidal variability in the deep ocean using satellite altimeter data. 67 
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This may be due to the long sampling intervals required and the limitations of 68 

classical harmonic analysis (CHA).  69 

   CHA assumes that tides are effectively stationary, and that the amplitudes and 70 

phases of tidal constituents are completely predictable based on astronomy. Tidal 71 

constants can be obtained from hourly water level records observed at tide gauges by 72 

divided long-term records into shorter analysis windows (typically yearly or monthly), 73 

and performing harmonic analysis on each window. However, this is not suitable for 74 

satellite altimeter data due to the temporal coarseness of the observations. To 75 

adequately analyze T/P satellite data, at least 9.18-year observations are needed to 76 

fully resolve the eight largest tidal constituents (Ray 1998). Thus, results obtained by 77 

CHA can only obtain 9.18-year averaged tidal amplitudes and phases. 78 

   Continuous wavelet transform (CWT) and empirical mode decomposition (EMD) 79 

are powerful tools for non-stationary and nonlinear time series. They can resolve 80 

amplitudes in frequency and time domains simultaneously, though the resolution of 81 

constituents within a tidal band is limited (Matte et al., 2013; Pan et al., 2018a). Matte 82 

et al. (2013, 2014) developed the non-stationary tidal harmonic analysis tool 83 

NS_TIDE based on theoretical models of river tides. Although NS_TIDE has 84 

particularly good performance in tidal rivers, it cannot be applied to non-stationary 85 

tides that are influenced by other dynamical mechanisms (Pan et al., 2018b). Recently, 86 

Pan et al. (2018b) developed a novel non-stationary tidal analysis tool entitled 87 

S_TIDE based on enhanced harmonic analysis (EHA) proposed by Jin et al. (2018). 88 
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EHA assumes that tidal amplitudes and phases are time-varying and solves them 89 

based on an independent point (IP) scheme (Pan et al., 2017, 2018b). The S_TIDE 90 

MATLAB toolkit has been developed to explore river-tide interplay in Columbia 91 

River Estuary (Pan et al., 2018b), the temporal changes of M2 nodal modulation in the 92 

Gulf of Maine (Pan et al., 2019) and the seasonal variations of major constituents in 93 

the Bohai Sea (Wang et al., 2020). 94 

The purpose of this article is twofold:  (1) to extract inter-annual and decadal 95 

variations of the amplitudes of major constituents in the South China Sea (SCS) from 96 

coastal tide gauges as well as satellite altimeter data using S_TIDE, and (2) to 97 

examine whether inter-annual and decadal tidal variability are correlated to sea level 98 

variability in the SCS using the tidal anomaly correlation (TAC) method. The 99 

reminder of this paper is structured as follows. The study area and data employed are 100 

described in section 2. Methodologies including EHA and TAC are detailed in section 101 

3. Section 4 reports the TAC results and discussions of possible potential mechanisms, 102 

followed by conclusions in Section 5. In Appendix A, sensitivity experiments are 103 

detailed which determined the suitable number of IPs needed in S_TIDE to extract 104 

reliable inter-annual and decadal tidal variability in the SCS.  105 

 106 

2. Study domain and data  107 

2.1 Study domain  108 

The SCS (Figure 1(a)) consists of a central deep basin and shallow shelf sea in the 109 
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North and Southwest (Green and David, 2013). As the largest marginal semi-closed 110 

sea in the Northwest Pacific Ocean, it plays a vital role in water mass exchange 111 

between the Indian Ocean and the Pacific Ocean (Gao et al., 2015). Previous studies 112 

have discussed the motion of the tidal waves and the tidal energy balance in the SCS 113 

using numerical models and tide gauge observations (Fang et al., 1999; Zu et al., 114 

2008). Although the K1 and O1 tides are much smaller than M2 tide at the Luzon Strait, 115 

which is the major connection of the SCS and the greater Pacific,, they are dominant 116 

constituents in the most parts of the SCS (Fang et al., 1999). The largest amplitudes of 117 

K1 (exceeding 80 cm) and O1 (exceeding 90 cm) appear in the Gulf of Tonkin. In the 118 

central deep basin of the SCS, tidal currents are relatively weak (generally less than 119 

2cm/s). Due to the influence of complicated bathymetry, monsoons, and Kuroshio 120 

intrusions, the SCS has one of the world’s most dynamic ocean environments (Wang 121 

et al., 2019). Therefore, the SCS is a hotspot for the research of oceanic internal 122 

waves, typhoons, western boundary currents and mesoscale eddies (Wang et al., 2019). 123 

A significant number of studies have investigated the generation and propagation of 124 

internal tides in the SCS which can cause strong tidal energy dissipation (Jan et al., 125 

2007, 2008; Alford, 2008; Alford et al., 2011; Simmons et al., 2011; Xie et al., 2008, 126 

2011, 2013). However, to date, no studies have investigated the long-term tidal 127 

changes in the central deep basin of the SCS because of the shortage of long-term 128 

high-frequency sea level observations. 129 

 130 
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2.2 Water Level Observations  131 

The satellite altimeter data is downloaded from the Radar Altimeter Database 132 

System (RADS, http://rads.tudelft.nl/rads/rads.shtml) over a 25-year period (from 133 

October 1992 to September 2017), including T/P altimeter data (1992/10-2005/06), 134 

Jason-1 data (2002/03-2012/03), Jason-2 data (2008/09-2017/05) and Jason-3 data 135 

(2016/04-2017/09). These satellites share the same orbit with a sampling period of 136 

9.9156 days. Compared to other altimeter satellites, T/P-Jason satellite observations 137 

have shorter sampling period and longer length of records (LOR). Thus, T/P-Jason 138 

altimeter data are widely used in the research of tidal dynamics. Figure 1(b) (red lines) 139 

displays the ground tracks of T/P-Jason satellite altimetry in the SCS. To ensure the 140 

reliability of the results, we only use 1600 points in Figure 1 (black lines) which are 141 

selected based on the LOR (more than 18.61 years) and data completeness (more than 142 

80%).  143 

Hourly water level records from 24 tide gauges in the SCS (Figure 1(b)) are 144 

downloaded from the University of Hawaii Sea Level Center 145 

(https://uhslc.soest.hawaii.edu/). These tide gauges are also selected according to the 146 

LOR and data completeness which are same as satellite data; detailed information is 147 

shown in Table 1. Most tide gauges used are provided by China and Malaysia. 148 

Although water level observations at Xiamen, Shanwei, Zhapo, Beihai, Haikou, 149 

Dongfang are outdated (~1976 to 1997 at most locations) compared to other gauges, 150 

they are still analyzed considering the scarcity of tide gauges in the SCS. The water 151 

https://uhslc.soest.hawaii.edu/
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level observations span the period of 1954-2019. Of the 24 records available, 16 are 152 

longer than 30 years (Table 1). The Haikou tide gauge has the shortest LOR (only 22 153 

years) while Xiamen gauge has the longest LOR (44 years). The Quarry Bay tide 154 

gauge was established originally in 1952 at North Point (Devlin et al., 2019b). Until 155 

1986, this tide gauge moved half a kilometer away to Quarry Bay (Feng et al., 2015). 156 

Satellite observations are mainly located in the central deep basin of the SCS while 157 

tide gauges are all located in the coastal areas. 158 

 159 

Table 1 Coastal tide gauges in the South China Sea used in this study. Locations are 160 

displayed in Figure 1(b). 161 

Station Country UHSLC 

number 

Number 

in this 

paper 

Latitude 

(°N) 

Longitude 

(°E) 

 

Time Span 

 

Kelang 

Keling 

Lumut 

Penang 

Cendering 

Malaysia 

Malaysia 

Malaysia 

Malaysia 

Malaysia 

140 

141 

143 

144 

320 

1 

2 

3 

4 

5 

3.05 

2.22 

4.24 

5.42 

5.27 

101.36 

102.15 

100.61 

100.35 

103.19 

1983-2015 

1984-2015 

1984-2015 

1984-2015 

1984-2015 

Kuantan Malaysia 322 6 3.98 103.43 1983-2015 

Tioman 

Sedili 

Kukup 

Geting 

Ko Lak 

Quarry Bay 

Kaohsiung 

Manila 

Xiamen 

Kota Kinabalu 

Bintulu 

Sandakan 

Zhapo 

Beihai 

Malaysia 

Malaysia 

Malaysia 

Malaysia 

Thailand 

China 

China 

Philippines 

China 

Malaysia 

Malaysia 

Malaysia 

China 

China 

323 

324 

325 

326 

328 

329 

340 

370 

376 

386 

387 

389 

635 

636 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2.81 

1.93 

1.33 

6.23 

11.80 

22.30 

22.62 

14.59 

24.45 

5.98 

3.22 

5.81 

21.58 

21.48 

104.14 

104.12 

103.44 

102.11 

99.82 

114.22 

120.28 

120.97 

118.07 

116.07 

113.07 

118.07 

111.83 

109.08 

1985-2015 

1986-2015 

1985-2015 

1986-2015 

1985-2019 

1986-2019 

1980-2016 

1984-2015 

1954-1997 

1987-2015 

1992-2015 

1993-2015 

1975-1997 

1975-1997 
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Dongfang 

Haikou 

Shanwei 

China 

China 

China 

637 

638 

641 

21 

22 

23 

19.10 

20.02 

22.75 

108.62 

110.28 

115.35 

1975-1997 

1976-1997 

1975-1997 

Tanjong Pagar Singapore 699 24 1.26 103.85 1984-2016 

 162 

 163 
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 164 

Figure 1. (a) Map of the South China Sea (SCS). (b) Tide gauges and satellite data 165 

used in this study. Red lines are the T/P-Jason satellite altimetry tracks in the SCS. 166 

Black lines are positions selected for this study. Green dots indicate the tide gauge 167 

locations. 168 

 169 

3.  Methodology 170 

3.1 Enhanced Harmonic Analysis (EHA) 171 

CHA assumes that water levels can be represented by a linear combination of tidal 172 

constituents which can be effectively approximated by sinusoidal functions (Foreman 173 

and Henry, 1989):  174 

0

1

( ) cos( + )
I

i i i i i

i

H t S f h w t u g


  
                

(1) 175 

where ( )H t is the observed water level at time t.
 
wi, hi  and gi are the frequency, 176 

amplitude and phase corresponding to the i-th tidal constituent, respectively. 0S
 is 177 
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the mean water level (MWL). fi and ui are nodal factor and angle corresponding to the 178 

i-th tidal constituent, respectively. Eq.(1) can be linearized using the new unknows Ai 179 

and Bi by rewriting as follows: 180 

0

1

( ) ( cos( ) sin( ))
I

i i i i i i i i

i

H t S f A w t u f B w t u


                (2) 181 

where 182 

2 2

i i ih A B  ， arctan( )i i ig B A               (3) 183 

Constant Ai and Bi in Eq.(2) can be estimated through ordinary least squares (OLS) 184 

regression. Different from CHA, EHA assumes that S0, Ai and Bi are time-varying, and 185 

thus, Eq.(2) is modified as follows: 186 

1

( ) ( ) ( ( ) cos( ) ( )sin( ))
I

i i i i i i i i

i

H t S t f A t w t u f B t w t u


                (4) 187 

Eq.(4) is solved through the IP scheme (Pan et al., 2017; Zong et al., 2018). The 188 

MWL and tidal coefficients (A and B) at IPs, which are uniformly distributed in the 189 

time domain, are selected as independent parameters (denoted as Sj, ai,j, and bi,j), and 190 

those at other points are obtained by interpolation of values at IPs (Pan et al., 2018b). 191 

In the IP scheme, S(t), Ai(t) and Bi(t) are expressed by linear combinations of the 192 

values at IPs (Eq.(5)). lt,j in Eq.(5) is the known interpolation weight for the j-th IP at 193 

time t, which only depends on the interpolation method. Ns and N are the IP numbers 194 

for MWL and tidal coefficients, respectively. Note that the values at IPs (namely Si, 195 

ai,j, and bi,j) are unknown at present, but when using the IP approach, we combine the 196 

values at IPs to obtain time varying MWL and tidal coefficients. 197 
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                         (5) 198 

Combining Eqs.(4) and (5) yields Eq.(6) 199 

,

1

, , , ,

1 1 1

( )

( cos( ) sin( ))

sN

t j j

j

I N N

t j i j i i i t j i j i i i

i j j

H t l S

l a f w t u l b f w t u



  

 

  



  
            (6) 200 

A cubic spline interpolation is adopted in the IP scheme mainly due to its stability 201 

and smoothness (Pan et al., 2017, 2018b). The computation of the cubic spline 202 

interpolation weight is described in detail in Appendix B in Pan et al. (2018b), which 203 

is not shown here for brevity. There are a total of 2IN+Ns unknowns in Eq.(6), which 204 

can be estimated via least squares fitting when M, the number of observations, is 205 

much larger than the number of the unknowns. Finally, S(t), Ai(t) and Bi(t) can be 206 

obtained by interpolating Si, ai,j, and bi,j according to Eq.(5). 207 

The selection of the number of IP is critical for S_TIDE. The MWL and tidal 208 

amplitudes and phases obtained by S_TIDE using different IP numbers represent 209 

oscillations on different time scales (Pan et al., 2018b). More IPs means that more 210 

complex changes (or more high-frequency oscillations) of tidal properties can be 211 

reproduced, and vice versa. When the IP number is set to 2, S_TIDE can only 212 

calculate the linear trend of Ai and Bi as well as MWL. When the IP number is set to 1, 213 

S_TIDE can only calculate constant MWL and tidal properties similar to CHA. 214 
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There is a trade-off between the number of IP and the constituents included in 215 

S_TIDE (Pan et al., 2018b). If we increase the number of IPs, the constituents that 216 

S_TIDE can resolve will be fewer. For example, if we want to use S_TIDE to extract 217 

the annual variation of M2 tide, then, the H1 and H2 tide (also often denoted as MA2 218 

and MB2) cannot be resolved in S_TIDE since H1 and H2 derive from annual variation 219 

of M2 tide. Simply put, as the number of IP increases, estimates of the M2 tide 220 

obtained by S_TIDE includes more contributions from its nearby frequencies. 221 

 222 

Table 2．Tidal periods and T/P alias periods for ten major tidal constituents 223 

Tidal 

Constituent 

Tidal Period 

(days) 

Alias Period 

 (days) 

Sa 365.2422 365.2422 

Ssa 182.6211 182.6211 

O1 1.0758 45.7141 

K1 0.9973 173. 1930 

M2 0.5175 62.1074 

S2 

Q1 

0.5000 

1.1195 

58.7417 

69.3640 

P1 1.0027 88.8909 

N2 0.5274 49.5283 

K2 0.4986 86.5971 

 224 

3.2 Processing altimeter data using EHA 225 

In the process of analyzing altimeter data, we must consider the aliasing effect. The 226 

periods of the diurnal and semi-diurnal constituents are shorter than twice the T/P 227 

repeat period (9.9156 days), thus aliasing is induced according to the Nyquist 228 

sampling theorem. Table 2 displays the tidal periods and T/P alias periods of ten major 229 
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constituents. Note that for the long-period constituents Ssa and Sa, no aliasing is 230 

involved. To fully separate two constituents of alias periods Ti and Tj, the LOR must 231 

satisfy Eq.(7) based on the Rayleigh criterion: 232 

i j

j i

TT
LOR

T T


                             (7) 233 

As displayed in Table 3 (derived from Eq.(7) and Table 2), full resolution of the M2 234 

and S2 tide from T/P-Jason satellite altimeter data requires least 2.97-year 235 

observations. To fully separate K2 from P1, and K1 from Ssa, at least 9.18-year records 236 

are needed (Table 3). Since the T/P-Jason records used here are longer than 18.61 237 

years, ten major constituents, namely, M2, S2, K1, O1, P1, N2, K2, Q1, Ssa and Sa can 238 

be resolved in the harmonic analysis. In the harmonic model (Eq.(4)), we use 239 

theoretical values of nodal factors and angles to correct the 18.61-year nodal cycles in 240 

tides. It is assumed that the actual nodal modulations of tides in the deep sea should 241 

be consistent with equilibrium theory. 242 

Because K2 and P1 are too close in terms of alias periods, it is impossible for 243 

S_TIDE to extract their inter-annual variability. Thus, for K2 and P1, as well as K1 and 244 

Ssa tide, we only set two IPs for them which can only obtain their linear trends. S2 is 245 

not so close in frequency to M2, so it is possible for S_TIDE to extract inter-annual 246 

tidal variability of them simultaneously. As indicated in section 3.1, both the M2 and 247 

S2 tide estimates obtained by S_TIDE will absorb energy from their nearby 248 

frequencies if more than one IP is used. As the number of IP increases, estimates of 249 
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the M2 and S2 tide obtained by S_TIDE will be contaminated by nearby frequencies. 250 

When the number of IP increases to a critical value, the overlap in the bandwidths of 251 

M2 and S2 will yield an incorrect estimation of M2 and S2 amplitudes. To avoid this 252 

situation and also considering that M2 is more important than S2, we use only 2 IPs for 253 

the S2 tide. The selection of IP numbers for O1 and N2 follows a similar logic. Finally, 254 

for the M2 and O1 tide, we can use enough IPs to extract inter-annual and decadal 255 

variability, while for other constituents only 2 IPs are used to allow trend extraction. 256 

In Appendix A, we discuss how many IPs are suitable for extracting inter-annual and 257 

decadal tidal variability in the SCS through sensitivity experiments. It is found that for 258 

the M2 and O1 constituents, about 17 IPs are optimal. 259 

It should be noted that the SCS is known to exhibit significant mesoscale eddy 260 

activity (Zhang et al. 2013). The presence of such strong mesoscale activity can 261 

influence the accuracy of tidal estimation from altimetry time series (Ray and Zaron, 262 

2016). Ray and Byrne (2010) used multi-satellite mapped sea level anomaly (SLA) 263 

fields as a prior correction for the mesoscale ocean variability before tidal harmonic 264 

analysis and found that this method can significantly improve the along track 265 

altimeter tidal estimates. Zaron and Ray (2018) found that there were residual tidal 266 

signals in the mapped SLA fields and implemented several low-pass and bandpass 267 

filters to remove residual tidal signals. To ensure the M2 and O1 amplitudes obtained 268 

using S_TIDE are purely tidal, we use the filtered version of the daily gridded 269 

multi-satellite SLA products (including ERS-1/2, ENVISAT, Geosat Follow-on, 270 
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Cryosat-2, AltiKa, Haiyang-2A, and T/P-Jason satellites) as a prior correction. The 271 

readers are referred to Zaron and Ray (2018) for a detailed description of this SLA 272 

product. As shown in Figure 2, the correction for mesoscale variability significantly 273 

decreases the errors of tidal amplitudes and eliminates false oscillations in tidal 274 

amplitudes.  275 

 276 

Table 3．Minimum length (years) for resolving each pair of constituents in T/P, Jason1, 277 

and Jason2 satellites (Ray 1998) 278 

 Ssa Q1 O1 P1 K1 N2 M2 S2 K2 

  Sa 1.00 0.23 0.14 0.32 0.90 0.16 0.20 0.19 0.31 

  Ssa  0.31 0.17 0.47 9.18 0.19 0.26 0.24 0.45 

Q1   0.37 0.86 0.32 0.47 1.63 1.05 0.95 

O1    0.26 0.17 1.63 0.47 0.56 0.27 

P1     0.50 0.31 0.56 0.47 9.18 

K1      0.19 0.27 0.24 0.47 

N2 

M2 

      0.67 0.86 

2.97 

0.32 

0.60 

S2         0.50 

 279 
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 280 

Figure 2 (a) M2 tidal amplitudes (solid lines) and their errors (dash lines) obtained by 281 

S_TIDE with 17 IPs at 15.33°N, 118.38°E.  Black lines are derived from sea level 282 

observations corrected for mesoscale variability. (b) Same as (a), but for O1 283 

amplitudes. 284 

 285 

3.3 Processing tide gauge data using CHA 286 

For hourly tide gauge observations, yearly (8767 hours) classical harmonic analysis 287 

windows are employed, using the T_TIDE MATLAB toolbox (Pawlowicz et al., 2002) 288 

at monthly (720 hours) time steps. Yearly windows are used to filter annual and 289 

sub-annual tidal variability and are long enough for resolving P1 (K2) from K1 (S2). 67 290 

tidal constituents (including 6 long-period constituents and 22 shallow water 291 

constituents) can be resolved according to LOR and Rayleigh criterion. MWL time 292 

series are also generated in the course of CHA. Note that theoretical nodal corrections 293 

are not applied in the course of CHA because the actual nodal modulations of tidal 294 
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amplitudes and phases have been often observed to be different from equilibrium 295 

theory in many coastal regions around the world (Amin, 1985,1993; Woodworth et al., 296 

1991; Ray 2006; Feng et al., 2015; Pan et al., 2019). For instance, at the Portland tide 297 

gauge, USA, located in the Gulf of Maine, the 18.61-year nodal modulation of M2 298 

amplitude is sharply reduced from 3.73% to 2.77% due to the effects of resonance and 299 

nonlinear bottom friction (Ku et al., 1985; Ray 2006; Ray and Talke, 2019).  300 

We remove 18.61-year nodal cycles in main constituents using a widely used 301 

regression model (Ku et al., 1985; Ray 2006, 2009; Jay 2009; Feng et al., 2015) which 302 

is expressed as: 303 

0 1

2
( ) cos( )

18.61
N NA t C C t H t G


   

            

(8) 304 

where A(t) are the estimated values of tidal amplitudes or phases at time t. C0 is a 305 

constant, C1 is the linear trend. HN and GN are the amplitude and phase of the nodal 306 

cycle, respectively. Instead of ordinary least squares, robust fitting (Leffler and Jay, 307 

2009) which can significantly reduce the contribution of high-leverage data points is 308 

used to estimate the model parameters.  309 

Table 4 displays the actual nodal modulation of the tidal amplitudes of four major 310 

tides in the SCS. At most tide gauges, actual nodal cycles are distinct from theoretical 311 

values. The actual nodal modulations of M2 amplitudes vary from 2.5±0.1% (Xiamen) 312 

to 11.1±0.2% (Haikou) while those of S2 range from 0.0±0.1% (Penang) to 4.4±0.4% 313 

(Beihai). The actual modulations of K1 amplitudes vary from 7.9±0.3% (Bintulu) to 314 

12.9±0.2% (Sedili) while those of O1 range from 11.3±1.3% (Kelang) to 25.8±1.2% 315 
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(Lumut). Figure 3 shows the actual nodal modulations of the M2 and O1 tidal 316 

amplitudes at Quarry Bay, Hong Kong as an example. The exact reversed variations 317 

of M2 and O1 nodal cycles indicate that the M2 and O1 nodal phases are generally 318 

consistent with theory. The M2 (O1) nodal amplitude is 32.1±1.2 (45.1±1.3) mm 319 

while the mean M2 (O1) tidal amplitude is 389.0 (293.3) mm. The Quarry Bay gauge 320 

is located in Victoria Harbour which is seriously influenced by human activities such 321 

as harbor construction and land reclamation (Devlin et al., 2019b). Such 322 

anthropogenic intervention may be responsible for the deviations from the equilibrium 323 

theory. Another possible factor that may affect nodal variability involves resonant 324 

triads, which are nonlinear interactions between the M2 and K1/O1 tides which may 325 

transfer energy to each other, and in cases may decrease the K1/O1 nodal modulations 326 

and increase the M2 nodal modulation. This type of behavior has been confirmed in 327 

the Solomon Sea (Devlin et al., 2014), and is suggested from observations at tide 328 

gauges in the southern part of the Gulf of Thailand. Similarly, strong nodal 329 

modulations in the S2 tide is not expected to be affected by the lunar nodal cycle and 330 

instead may be related to nonlinear interactions between the M2 and S2 tides (Feng et 331 

al., 2015). The possible causes of discrepancies between observed and theoretical 332 

nodal cycles at other tide gauges are not discussed because this is not the main focus 333 

of this paper. 334 
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 335 

Figure 3  M2 /O1 tidal amplitudes (red/black dots) and their nodal fitting results 336 

(cyan/green lines) at Quarry Bay, Hong Kong.   337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 
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Table 4 18.61-year nodal modulations of tidal amplitudes of main constituents in the 349 

South China Sea. Note that statistically insignificant values are given in italic text.  350 

Constituents M2 S2 K1 O1 

Theoretical 

Kelang 

Keling 

Lumut 

Penang 

Cendering 

3.73 

3.7±0.1 

3.4±0.1 

3.7±0.1 

4.1±0.1 

4.6±0.1 

0 

0.7±0.1 

2.0±0.1 

0.6±0.1 

0.0±0.1 

0.7±0.2 

11.5 

12.6±0.3 

11.9±0.7 

11.8±0.2 

11.5±0.2 

10.9±0.1 

18.7 

11.3±1.3 

14.5±0.2 

25.8±1.2 

21.3±0.6 

19.2±0.2 

Kuantan 5.6±0.1 1.3±0.2 11.5±0.1 19.4±0.1 

Tioman 

Sedili 

Kukup 

Geting 

Ko Lak 

Quarry Bay 

Kaohsiung 

Manila 

Xiamen 

Kota Kinabalu 

Bintulu 

Sandakan 

Zhapo 

Beihai 

Dongfang 

Haikou 

Shanwei 

5.5±0.1 

5.3±0.1 

3.2±0.1 

3.1±0.5 

5.6±0.5 

8.3±0.3 

3.6±0.3 

3.7±0.7 

2.5±0.1 

3.9±0.1 

4.6±0.3 

3.8±0.4 

4.3±0.1 

10.4±0.2 

8.5±0.1 

11.1±0.2 

5.4±0.1 

1.3±0.1 

1.0±0.1 

1.9±0.1 

2.5±0.5 

1.8±1.9 

3.4±0.3 

0.4±0.4 

0.4±0.6 

1.8±0.1 

0.2±0.1 

1.4±0.3 

0.7±0.1 

0.1±0.2 

4.4±0.4 

1.4±0.2 

1.3±0.2 

1.8±0.2 

12.1±0.1 

12.9±0.2 

10.2±0.2 

11.8±0.2 

10.0±0.2 

8.0±0.4 

10.9±0.2 

12.8±0.4 

10.8±0.1 

10.6±0.1 

7.9±0.3 

10.8±0.2 

11.1±0.1 

8.2±0.1 

8.0±0.1 

9.9±0.1 

11.1±0.1 

19.8±0.1 

19.9±0.2 

16.6±0.2 

18.7±0.2 

18.1±0.3 

15.4±0.5 

18.2±0.3 

19.3±0.5 

18.3±0.2 

18.3±0.1 

14.0±0.6 

17.2±0.4 

18.3±0.2 

16.0±0.2 

15.9±0.2 

17.2±0.2 

18.3±0.2 

Tanjong Pagar 3.9±0.8 0.5±0.1 12.1±0.2 18.4±0.2 

 351 

 352 

3.4 Tidal Anomaly Correlation (TAC) method 353 

The TAC method proposed by Devlin et al. (2017a) has been used to analyze 354 

co-variability of tidal amplitudes and MWL in the Pacific Ocean (Devlin et al., 2017a), 355 

Atlantic Ocean (Devlin et al., 2019a) and Hong Kong region (Devlin et al., 2019b). 356 

By the combination of the ensemble empirical mode decomposition (EEMD) and 357 
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TAC method, Devlin et al. (2020) analyzed multi-timescale tidal variability 358 

(semi-annual, annual, and multi-year) in the Indian Ocean. As shown in Eq.(9), the 359 

slope k of the linear regression between detrended tidal amplitudes H(t) and detrended 360 

MWL S(t) is the definition of the TAC. 361 

( ) * ( )H t k S t b 

                      

(9) 362 

The mean and trend in these time series must be removed before regression because 363 

the trends may be influenced by tidal and sea level variability on longer time scale 364 

while here we are interested in non-astronomical inter-annual and decadal variability. 365 

The TACs and their errors are estimated by robust fitting and expressed in units of 366 

mm/m. To ensure the regression is valid and the obtained TAC is significant, we 367 

require that the signal-to-noise ratio (SNR) should be larger than 2.0. We only focus 368 

the TACs of four major tidal constituents, M2, S2, K1 and O1 in this research. In the 369 

original TAC method, tidal amplitudes are divided by astronomical tidal potential 370 

(namely tidal admittance technique) to remove the long-period astronomical 371 

variability like the 18.61-year nodal cycles. However, as mentioned above, nodal 372 

cycles in tidal amplitudes may not be completely removed using the tidal admittance 373 

technique due to the discrepancies between observed and theoretical nodal 374 

modulations. The residual nodal cycle in tidal amplitudes may significantly influence 375 

the estimation of TACs as well as their errors at some tide gauges. Therefore, instead 376 

of the tidal admittance technique, we use Eq.(8) to remove the nodal cycles. 377 

Figure 4 displays the K1 and O1 TAC results at Sandakan tide gauge (5.81°N, 378 
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118.07°E) which are two of the clearest signals in the SCS. Both K1 and O1 TAC are 379 

quite large and coherent, 68.9 ± 6.9 mm/m and 101.4 ± 14.7 mm/m, respectively. In 380 

other words, the K1 and O1 amplitudes increase 68.9 mm and 101.4 mm per meter sea 381 

level change, respectively. As shown in Figure 4(b), the red dots in the blue box are 382 

outliers and their effect on the estimation of the TAC is eliminated by the application 383 

of robust linear regression. If we use tidal amplitudes preprocessed by the tidal 384 

admittance technique, the estimated K1 and O1 TAC results at Sandakan are 43.7±19.3 385 

mm/m and 47.4 ± 36.9 mm/m, respectively. The residual nodal cycles therefore 386 

significantly decrease the TAC values, and also increase the errors of TACs. The O1 387 

TAC actually becomes statistically insignificant at Sandakan due to the residual nodal 388 

cycle. 389 
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 390 

Figure 4  Example regression of the tidal anomaly correlation (TAC) method at 391 

Sandakan tide gauge (5.81°N, 118.07°E). (a) K1 TAC relation of detrended tidal 392 

amplitudes to detrended MWL. (b) Same as (a), but for O1 TAC. In both plots, the red 393 

dots are data, the green lines represent the regression. The red dots in the blue box are 394 

outliers. Note that nodal cycles in K1 and O1 amplitudes are removed by Eq.(8). 395 

 396 

 397 

4. Results and Discussions  398 

4.1 Tidal Anomaly Correlation (TAC) Results in the Coastal Areas 399 

Figures 6(a) and 6(b) show maps of the TACs for M2 and O1 tides in the SCS, 400 

respectively. The color bar indicates the magnitude of the TACs. Numeric values of 401 

the TACs for the four major tides in the SCS are reported in Table 5. Statistically 402 

significant TACs (SNR larger than 2.0) are listed in bold text. For the semidiurnal 403 
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constituents, M2 TACs are significant at 19 gauges and range from -141.5 ± 404 

13.3mm/m (Kelang) to 47.3 ± 23.4mm/m (Quarry Bay). S2 TACs are significant at 17 405 

gauges and range from -49.5 ± 8.0mm/m (Kelang) to 41.0 ± 12.4mm/m (Xiamen). For 406 

the diurnal constituents, K1 TACs are significant at 16 gauges and vary from -81.5 ± 407 

9.7mm/m (Keling) to 97.5 ± 18.5mm/m (Manila). O1 TACs are significant at 21 408 

gauges and range from -124.1 ± 44.6mm/m (Haikou) to 126.8 ± 37.1mm/m (Bintulu).  409 

The M2/S2/K1/O1 TACs reveal no basin-scale patterns but do show some regions of 410 

locally coherent behavior. At most gauges in the SCS, the M2 and S2 TACs are 411 

negative while the O1 TACs are positive. For K1, the TACs are slightly more often 412 

positive than negative. As displayed in Figure 6 and Table 5, at nearly all gauges in 413 

Singapore and peninsular Malaysia, the M2/S2 TACs are negative except at Tanjong 414 

Pagar (S2 9.1 ± 5.9mm/m) while O1 TACs are positive everywhere except at Lumut 415 

(-10.5 ± 6.6mm/m). There are a few exceptions to these generalizations, though the 416 

TACs of these exceptions are relatively small. It should be noted that the SCS has an 417 

exceptionally long coastline, thus, only 24 tide gauges are insufficient to represent the 418 

overall characters of coastal tidal variability and it is difficult to obtain basin-scale 419 

tidal variability without the assistance of other kinds of sea level observations. It is 420 

also worth mentioning that Quarry Bay is the only gauge in the SCS whose TACs of 421 

all four major constituents are all statistically significant and positive; this may be due 422 

to local anthropogenic effects important at this location such as harbor modification 423 

and channel deepening (Devlin et al., 2019b). Yet overall，the TAC results indicate 424 
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that inter-annual and decadal sea level variability is highly correlated to corresponding 425 

tidal variability at nearly all tide gauges in the SCS. 426 

 427 

Table 5 The tidal anomaly correlations (TACs) (unit: mm/m) of main constituents in 428 

the South China Sea. Statistically significant values are given in bold text.  429 

Station M2 S2 K1 O1 

Kelang 

Keling 

Lumut 

Penang 

Cendering 

-141.5±13.3 

-70.8±9.6 

-61.5±6.5 

-85.0±8.7 

-81.0±10.3 

-49.5±8.0 

-34.9±5.1 

-33.1±4.1 

-43.5±4.8 

-27.2±5.6 

23.4±9.3 

-81.5±9.7 

13.5±9.0 

6.2±5.8 

-1.1±20.3 

40.4±7.5 

37.4±6.4 

-10.5±6.6 

0.6±5.3 

22.3±15.0 

Kuantan -99.6±16.9 -35.2±8.8 -39.9±21.1 59.6±15.2 

Tioman 

Sedili 

Kukup 

Geting 

Ko Lak 

Quarry Bay 

Kaohsiung 

Manila 

Xiamen 

Kota Kinabalu 

Bintulu 

Sandakan 

Zhapo 

Beihai 

Dongfang 

Haikou 

Shanwei 

-104.4±22.2 

-70.0±17.1 

-71.6±11.5 

-34.0±14.5 

19.1±4.0 

47.3±23.4 

40.3±14.1 

-42.8±8.2 

45.8±23.3 

-27.3±3.5 

-15.0±10.9 

19.1±8.2 

-54.2±17.9 

-9.9±22.5 

-8.1±8.4 

-26.0±18.4 

-13.2±8.9 

-26.8±7.9 

-7.9±8.6 

-30.1±6.5 

1.0±7.3 

-0.1±2.4 

28.4±8.8 

-2.6±8.2 

-20.3±3.8 

41.0±12.4 

-7.9±1.6 

-1.1±3.8 

-11.1±5.4 

3.4±15.2 

26.4±14.1 

9.2±3.7 

-3.4±10.7 

-13.1±6.0 

-27.9±20.9 

-39.6±20.6 

-28.9±11.1 

24.1±16.5 

-8.3±14.0 

83.5±30.7 

18.3±11.3 

97.5±18.5 

-14.3±9.3 

-7.9±8.8 

69.3±25.6 

68.9±6.9 

-15.4±16.8 

61.4±31.3 

-0.6±20.6 

-45.1±18.3 

13.9±17.4 

57.0±15.4 

58.6±14.8 

68.2±9.7 

12.0±7.2 

36.9±14.9 

58.4±27.5 

34.1±13.3 

-27.3±9.1 

-1.4±12.4 

19.0±10.7 

126.8±37.1 

101.4±14.7 

-84.4±21.2 

23.4±77.3 

-114.0±52.1 

-124.1±44.6 

-43.6±25.3 

Tanjong Pagar -8.6±11.8 9.1±5.9 -33.4±11.7 23.3±10.0 

 430 

4.2 Tidal variability in the Deep Water of the South China Sea 431 

4.2.1 TAC Results in the Deep Water of the South China Sea 432 

In this section, we use S_TIDE with 17 IPs to extract the inter-annual and decadal 433 
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variations of the M2 and O1 amplitudes in the central deep basin of the SCS. For the 434 

other constituents, two IPs are used. Inter-annual and decadal sea level variations are 435 

obtained by filtering the daily gridded multi-satellite SLA fields. For the M2 (O1) 436 

TACs, there are only 28.3% (26.3%) of total positions (1600) whose SNRs are less 437 

than 2.0. Therefore, at most positions in the central deep basin of the SCS, tidal 438 

variability and sea level variability are correlated. The M2 TACs range from -514.9 ± 439 

53.5mm/m to 569.7 ± 62.6mm/m and the O1 TACs range from -475.6 ± 39.6 to 392.8 440 

± 29.2 mm/m. Figure 7(a) displays the inter-annual and decadal variations of MWL 441 

and M2 amplitudes (with the trend and mean value removed) at 17.49°N 114.94°E as 442 

an example. The correlation coefficient between detrended MWL and detrended M2 443 

amplitude in Figure 7(a) is -0.85 and the corresponding TAC is -366.1 ± 16.7mm/m.  444 

The largest positive M2 TAC occurs in the Luzon Strait (21.22°N, 121.64°E). At this 445 

position, inter-annual and decadal variations of MWL and M2 amplitudes are 446 

positively correlated in most of the time (Figure 7(c)).  447 

 The number of positions where tidal variability and sea level variability are 448 

positively correlated is slightly smaller than the number of positions where tidal 449 

variability and sea level variability are negatively correlated. As shown in Figure 5 450 

and Figure 6, at 37.5% (38.2%) of total positions, the M2 (O1) TACs are negative 451 

while at 34.3% (35.5%) of total positions, the M2 (O1) TACs are positive. However, it 452 

should be noted that at most positions, the absolute TACs are less than 200 mm/m. 453 

Only at 8.4% (6.8%) of total positions, the absolute values of M2 (O1) amplitudes and 454 
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MWL correlation coefficients are larger than 200 mm/m indicating that tidal 455 

variability has a large response to sea level variability at these locations. The averaged 456 

positive M2 (O1) TACs are 104.4 (101.1) mm/m while the averaged negative M2 (O1) 457 

TACs are -125.2 (-110.2) mm/m. The response of M2 and O1 tidal amplitudes due to 458 

correlated sea level changes (TACs) displays a general mixed pattern of negative and 459 

positive responses in the central deep basin of the SCS. There are no coherent 460 

basin-scale patterns apparent in the M2/O1 TAC results from T/P-Jason data. Some 461 

possible mechanisms for such tidal variability in the SCS will be discussed in section 462 

4.3. It seems that there are many areas where adjacent points alternative between 463 

negative and positive (Figure 6). This is an optical illusion caused by too many points 464 

plotted in small regions. The readers are referred to Figure B1 in Appendix B for a 465 

zoomed-in version of Figure 6 which better demonstrates this. 466 
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 467 

Figure 5.  (a) Histogram of M2 tidal anomaly correlations (TACs) in the central 468 

deep basin of the South China Sea (b) same as (a), but for O1 TACs.  469 

 470 

471 
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 472 

Figure 6  (a) M2 tidal anomaly correlations (TACs) in the South China Sea (both 473 

tide gauges and satellite data are plotted) (b) same as (a), but for O1 TACs. For 474 

satellite data, insignificant TACs are not plotted. For tide gauges, insignificant TACs 475 

are labeled as green asterisks.  476 

 477 
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 478 

 479 

Figure 7  (a) Detrended MWL and M2 amplitudes (unit: m) obtained by S_TIDE 480 

using 17 IPs at 17.49°N, 114.94°E. (b) The M2 tidal anomaly correlation (TAC) at 481 

17.49°N, 114.94°E (M2 is in units of mm). (c) Same as (a), but at 21.22°N, 482 
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121.64°E. (d) The M2 tidal anomaly correlation (TAC) at 21.22°N, 121.64°E. The 483 

red dots are data, the green line represents the robust linear regression. 484 

 485 

4.2.2 Linear Trends of tides in the Deep Water Regions of the South China Sea 486 

For the rest of constituents, non-linear trends of tidal amplitudes are extracted by 487 

S_TIDE using 2 IPs. To obtain the linear trends of tidal amplitudes, we perform linear 488 

fitting on non-linear trends. For the linear trend to be deemed significant, it must have 489 

an SNR greater than 2.0. The results of K1 and S2 constituents are shown here for 490 

example. The K1 tide appears to be more significant than the S2 tide in the central 491 

basin of the SCS. For the K1 (S2) constituent, there are 62.1% (54.0%) of locations 492 

where the linear trends of tidal amplitudes are not significant. The linear trends of S2 493 

amplitudes vary from -0.161 ± 0.034 cm/yr to 0.139 ± 0.031 cm/yr while those of 494 

K1 amplitudes range from -0.153 ± 0.026 cm/yr to 0.130 ± 0.025 cm/yr. As 495 

shown in Figure 8 and Figure 9, at 28.4% (8.69%) of locations, the trends of K1 (S2) 496 

amplitudes are negative while at 9.5% (37.3%) of locations, the trends are positive. 497 

The averaged positive linear trends of K1 (S2) amplitudes are 0.062 (0.059) cm/yr 498 

while the averaged negative linear trends of K1 (S2) amplitudes are -0.063 (-0.056) 499 

cm/yr. Note that the negative linear trends of S2 amplitudes are mainly located in the 500 

north of the SCS (Figure 9(b)). At only 3.94% (3.75%) of total positions, the absolute 501 

values of the linear trends of K1 (S2) amplitudes are larger than 0.09cm/yr which 502 

indicates that the tidal dynamics at these positions are undergoing rapid changes. 503 
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 504 

Figure 8  Histogram of linear trends of K1 and S2 amplitudes in the central deep 505 

basin of the South China Sea. K1 trends are more often negative, and S2 trends are 506 

more often positive. 507 

 508 
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 509 

 510 

Figure 9. The linear trends of K1 (a) and S2 (b) amplitudes in the central deep basin 511 
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of the South China Sea. Only significant K1 and S2 trends are displayed. 512 

 513 

4.3 Discussion 514 

4.3.1 The possible causes for tidal variability in the SCS 515 

  Previous studies (Devlin et al., 2017a,b; 2019a,b) have suggested that the 516 

variability in tidal amplitudes are nonlinear functions of numerous interrelated 517 

variables: 518 

( ) ( , , , , ,... )r wH t f h Q r       

               

(10) 519 

where h represents the water depth, Qr is river flow,  is water density, r is friction, 520 

and w means frequency-dependent tidal response to astronomical tidal forcing (the 521 

subscript w represents tidal frequency). The “  ” indicates the changes in these 522 

variables. The “…” indicates other possible factors not listed here, such as monsoons 523 

which may further influence river flow and water density via precipitation (Devlin et 524 

al., 2018).  525 

Although the correlations between sea level variability and tidal variability are 526 

significant at most positions in the coastal areas and deep sea, the potential 527 

mechanisms may be distinct and complex. In coastal areas, the water is very shallow. 528 

The variations in sea levels may significantly change the water depth, and thus, alter 529 

bottom fiction and influence the propagation of tidal waves (Lu and Zhang, 2006; 530 

Devlin et al., 2017a,b, 2019a,b). These shallow-water related mechanisms may be 531 

especially important in the Gulf of Thailand, where the average water depth is much 532 
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smaller than other parts of the SCS. The majority of coastal tide gauges show that 533 

tidal variability and sea level variability are closely correlated at inter-annual time 534 

scales in the SCS. It should be noted that coastal tides are also significantly influenced 535 

by other factors such as river flow and human activities (e.g., channel deepening, 536 

harbor construction and land reclamation.). Thus, the sea level variability can only 537 

explain part of the tidal variability in the coastal areas. 538 

  The T/P-Jason observations studied in this paper are mainly located in the central 539 

deep basin of the SCS which are far from the coast (Figure 1(b)). Thus, the tides in 540 

this area are likely not strongly influenced by mechanism such as river discharge and 541 

human intervention. In the central deep basin of the SCS, the water depth is generally 542 

more than 2000m, and the inter-annual and decadal sea level variations are typically 543 

much smaller than 1m (see Figure 7 for example) which should not have a significant 544 

influence on tides. The tidal variability in this region is possibly related to variations 545 

in ocean stratification which is a function of sea water temperature. Another 546 

hypothesis is that the inter-annual and decadal variations in sea water temperature 547 

may be influenced by climate modes, especially the El Niño–Southern Oscillation 548 

(ENSO) (Rong et al., 2007) which may influence tidal variability in this region. 549 

Figure 10 and Figure 11 display the correlation coefficients between the M2 and O1 550 

amplitudes and the Oceanic Niño Index (ONI) (Figure 12), one of the most commonly 551 

used indices to represent oceanic effects of El Niño and La Niña events 552 

(https://climatedataguide.ucar.edu/climate-data/). The correlation coefficients between 553 

https://climatedataguide.ucar.edu/climate-data/
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the M2 amplitude and ONI (considering lags, up to a maximum of 12 months) range 554 

from -0.59 to 0.60 while the correlation coefficients between O1 amplitude and ONI 555 

range from -0.65 to 0.57. At 8.1% (8.1%) of total positions, the absolute values of M2 556 

(O1) amplitudes and ONI correlation coefficients are larger than 0.4.  557 

  The SCS is known for its strong internal tides (Alford, 2008; Alford et al., 2011; 558 

Gao et al., 2015), especially in and around the Luzon Strait. The amplitudes of the 559 

surface expression of M2 and K1 internal tides in the SCS can reach 18 and 20 mm, 560 

respectively (Zaron 2019). The generation, propagation, and dissipation of internal 561 

tides as well as their surface expression are sensitive to the changes in ocean 562 

stratification (Colosi and Munk, 2006; Zhao 2016; Zhai et al., 2020). Therefore, the 563 

barotropic tides in the SCS may be modulated by inter-annual and decadal sea water 564 

temperature variations via baroclinic energy conversion (Jan et al., 2007, 2008). Note 565 

that the surface expression of internal tides which constitutes an important component 566 

of total recorded surface tides is also modulated by the changes in sea water 567 

temperature (Ray and Mitchum, 1997; Mitchum and Chiswell, 2000; Colosi and 568 

Munk, 2006; Devlin et al., 2014). Figure 13 displays the positions (labeled by pink 569 

asterisks) where absolute M2 and O1 TACs exceed 300mm/m. Nearly all pink 570 

asterisks are located in the edge of the central deep basin where water depth changes 571 

dramatically in space. These areas including continental slopes and the Luzon Strait 572 

have strong baroclinic generation (Jan et al., 2007, 2008). 573 

   Numerous studies have indicated that inter-annual sea level variations in the SCS 574 
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are closely related to ENSO (e.g., Rong et al., 2007; Mohan et al., 2015; Mohan and 575 

Vethamony, 2018). The correlation coefficient between the inter-annual components 576 

of the mean sea level anomalies and the Southern Oscillation Index (SOI) can reach 577 

0.78 with SOI leading the sea level anomalies by about four months (Rong et al., 578 

2007). The sea level anomalies in the SCS are usually negative during El Ninos, and 579 

positive during La Ninas (Rong et al., 2007). Surface wind anomalies associated with 580 

ENSO are the most likely explanation for the sea level anomalies in the central deep 581 

basin of the SCS (Cheng et al., 2015). Since both inter-annual sea level variability and 582 

tidal variability are significantly influenced by ENSO, they are highly correlated at 583 

many positions in the central deep basin of the SCS although the direct influence of 584 

sea level variability on tidal variability may be negligible.  585 

  The long-term linear trends of K1 and S2 amplitudes may be related to increasing 586 

ocean stratification caused by ocean warming (Colosi and Munk, 2006). Global ocean 587 

stratification has increased by 5.3% from 1960 to 2018 (Li et al., 2020). Also, it 588 

should be noted that while the K1 tide is purely gravitational, the S2 tide is partly 589 

influenced by solar-induced radiational forcing (e.g., wind stress, barometric pressure) 590 

(Feng et al., 2015). The long-term trends of radiational forcing may also contribute to 591 

the long-term trends of S2 amplitudes. 592 
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 593 

Figure 10.  (a) Histogram of M2 amplitudes and Oceanic Niño Index (ONI) 594 

correlation coefficients in the central deep basin of the SCS. (b) same as (a), but for 595 

O1 amplitudes. 596 

 597 
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 598 

Figure 11.  (a) The correlation coefficients between M2 amplitudes and the 599 

Oceanic Niño Index (ONI) in the central deep basin of the SCS. (b) Same as (a), but 600 

for O1 amplitudes. Only the positions where absolute correlation coefficients exceed 601 

0.3 are displayed. 602 

 603 
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Figure 12.  Oceanic Niño Index (ONI) from 1992 to 2017. The ONI uses the same 604 

region as the Niño 3.4 index (5N-5S, 170W-120W). To be classified as a full-fledged 605 

El Niño or La Niña, the sea surface temperature anomalies must exceed +0.5°C or 606 

-0.5°C for at least five consecutive months.  607 

 608 

Figure 13.  The positions (labeled by pink asterisks) where absolute M2 and O1 609 

TACs exceed 300mm/m. 610 

 611 

4.3.2 Limitations of the present study 612 

Godin (1995) reported the rapid evolution of M2 tides in the Gulf of Maine. At 613 

Eastport in the Gulf of Maine, the linear trend of M2 amplitudes can be up to 13.7 ± 614 

1.2cm/century, which is one of the largest linear tidal trends in the world (Ray 2006, 615 

Ray and Talke, 2019). However, in some regions in the SCS, the trends of K1 616 

amplitudes may be up to -0.153 ± 0.026cm/yr or -15.3 ± 2.6cm/century, which is an 617 

even larger magnitude than that seen in the Gulf of Maine. It should be noted that is 618 
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the trends determined here are obtained from 25-year observations while is the 619 

observations in the Gulf of Maine were obtained from 50-year observations. Also, due 620 

to the long sampling period, the errors of the trends obtained from satellite data are 621 

significantly larger than those obtained from tide gauges. Therefore, it is clear that the 622 

trends as well as the inter-annual and decadal tidal variability obtained from relatively 623 

short satellite data are less stable and accurate than those obtained from hourly 624 

long-term tidal gauge observations. 625 

  Although there are hundreds of tide gauges in the global ocean, most of them were 626 

established after the 1980s and many of them are poorly maintained. Nearly all 627 

available long-term (more than 50 years) tide gauges are located on the coasts of 628 

Japan, North America, Australia, and Europe. For the tide gauges analyzed in this 629 

paper, both the location, number and time span are highly limited which hinders us 630 

from revealing possible coherent basin-wide patterns of tidal variability in the SCS. 631 

Most tide gauges (21 out of 24) are located on the coasts of Malaysia and China. 632 

There are almost no continuous long-term (more than 18.61 years) tide gauges in the 633 

coasts of Thailand and Vietnam although they have very long coastlines. Additionally, 634 

all observations at tide gauges provided by China are all outdated, with the exception 635 

of Hong Kong and Kaohsiung. Recent high-frequency (daily or hourly) water level 636 

observations are not publicly available because of concerns of security and propriety, 637 

and only limited monthly or yearly averaged data are accessible for scientific 638 

research. 639 
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5．Conclusion and Summary 640 

Careful analysis of time-varying tidal characteristics is helpful and necessary for 641 

many practical purposes, such as navigation, coastal engineering, the utilization of 642 

tidal energy and flood prevention. It is common knowledge that ocean tides are 643 

changing in the global ocean based on long-term tide gauge observations. Less known, 644 

and less studied, is the tidal variability in the deep ocean where few tide gauges exist. 645 

In this paper, assisted by the novel methods of the S_TIDE toolbox and the TAC 646 

method, we analyzed the inter-annual and decadal tidal variability in the SCS using 647 

the combination of 25-year T/P-Jason satellite altimeter records and 24 coastal tide 648 

gauges. We found that for M2 and O1 constituents, about 17 IPs are suitable for 649 

S_TIDE to obtain inter-annual and decadal tidal variability in the SCS derived from 650 

satellite altimetry data, through an exhaustive amount of sensitivity experiments.  651 

For the rest of the constituents, we use 2 IPs in S_TIDE to extract the trends of tidal 652 

amplitudes. It is noted that the IP number suitable for extracting inter-annual and 653 

decadal tidal variability may vary with study regions and LOR. Therefore, the 654 

effective use of S_TIDE needs sensitivity experiments where IP numbers are varied to 655 

determine the optimal IP number in each region of interest. 656 

For coastal tide gauges, we have emphasized the importance of completely 657 

removing the nodal modulations to improve the accuracy of the estimation of TACs. It 658 

is found that tidal variability and sea level variability are strongly correlated at 659 

inter-annual time scale at most positions in the SCS. The tides are likely influenced by 660 
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sea level variations in coastal areas while in the deep water both mean sea level and 661 

tidal properties are likely influenced by ENSO. It is also found that the tides in the 662 

central deep basin of the SCS have significant and often large long-term trends. 663 

The results obtained from satellite data are less stable and accurate than those 664 

obtained from long-term tide gauge records. However, the methods presented here 665 

provide an important supplement to the observed variability seen at coastal tide 666 

gauges, which are limited in time and space in the SCS region. As time goes by, the 667 

accuracy of satellite altimeter records will be improved and their length or record will 668 

increase, which will improve estimates. Additionally, next-generation altimetry 669 

missions, such as the recently launched Sentinel-6 mission from ESA 670 

(http://www.esa.int/Applications/Observing_the_Earth/Copernicus/Sentinel-6), and 671 

the upcoming Surface Water Ocean Topography (SWOT) platform from NASA 672 

(https://eospso.nasa.gov/missions/surface-water-ocean-topography) will bring new 673 

and improved observations of the coastal ocean, which will further help to resolve 674 

interannual variability behavior of sea level and tides and close the gap between 675 

coastal tide gauge observations and open-ocean altimetry observations. 676 
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Appendix A: Sensitivity experiments for determining optimal IP number 703 

We performed a series of sensitivity experiments, where the IP number applied to 704 

the M2 and O1 tides increased gradually from 1 to 20 (the IP number for the rest 705 

constituents is set to 2). The IP number for MWL is set to 1 because sea level 706 

variability is removed via a prior correction described in Zaron and Ray (2018). There 707 

are 1600 T/P-Jason satellite observation positions in the SCS, and we use the results 708 

at 15.33°N, 118.38°E as an example (Figure A1).  As the IP number increases, the 709 

performance of S_TIDE improves (Figure A2). When using only 1 IP, the hindcast of 710 

S_TIDE explains 96.07% of the original signal variance, with a root-mean-square 711 

error (RMSE) of 5.75cm and a maximum absolute error (MAE) of 18.87cm. When 712 

using 20 IPs, the hindcast of S_TIDE explains 96.64 % of the original signal variance, 713 

with a RMSE of 5.32cm and a MAE of 17.95cm. Note that when using 1 IP for the 714 

M2 and O1 tides, there are 37 unknowns that need to be solved in S_TIDE. When 715 

using 20 IPs for M2 and O1 tides, there are 113 unknowns. It is not surprising that 113 716 

parameters do a better job than 37 parameters in describing the same data. However, 717 

this success is realized at the expense of more computation time and lower 718 

signal-to-noise ratio (SNR) of the results (Figure A2). As shown by the red line in 719 

Figure A2, when using 20 IPs, the time-averaged SNR of the M2 amplitude is the 720 

smallest (only 6.16). There are 884 sea level observations at 15.33°N, 118.38°E.  721 

If we remove the missing values, there are only 733 sea level observations. Although 722 

113 is still much smaller than 733 which means that we can still solve for these 723 
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unknowns via least squares fitting, the 95% confidence intervals of 113 unknowns are 724 

much larger than those of 37 unknowns. If we also want to extract the inter-annual 725 

and decadal variability of other constituents such as S2 and N2, it is obvious that more 726 

unknowns are needed. To control the total number of unknowns and obtain a 727 

relatively higher SNR, we only use 2 IPs to extract the linear trends of all constituents 728 

except M2 and O1 tide. 729 

As shown in Figure A3, when using 1 IP, the M2 amplitude obtained by S_TIDE is 730 

time-invariant. When using 2 IPs, the M2 amplitude shows a non-linear trend. Note 731 

that the non-linearity is caused by the non-linear relationship between A, B and h, g 732 

(namely, Eq.(3)). When the number of IP increases to 8, the M2 amplitude shows 733 

oscillations with period of 6~8 years (Figure A3). When the number of IP increases to 734 

17, the M2 amplitudes show oscillations with period of 2~4 years (Figure A4 and 735 

Figure 2). However, the errors of the M2 amplitudes (dash lines in Figure A4) also 736 

increase as the number of IP increases (especially near the boundaries). To ensure the 737 

reliability of tidal amplitudes near the boundaries, the number of IPs must be strictly 738 

restricted. It is found that 17 IPs are suitable for M2 tide at this position. As shown in 739 

Figure A5, the O1 amplitude obtained by 17 IPs is also reliable. We found that 17 IPs 740 

are also suitable for other positions in the SCS.  741 
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 742 

Figure A1.  Sea level observations at 15.33°N, 118.38°E (blue dots) and the 743 

hindcast of S_TIDE obtained by 1 IP (red line) and 20 IPs (black line)  (a) from 744 

1994/05/01 to 1995/09/19 (b) from 1993/01/01 to 2016/09/23 745 

 746 

Figure A2.  The root-mean-square error (RMSE) of the hindcast and time-averaged 747 

signal-to-noise rate (SNR) of M2 amplitudes obtained by S_TIDE with different IPs at 748 

15.33°N, 118.38°E. 749 
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 750 

 751 

Figure A3.  M2 amplitudes obtained by S_TIDE using 1, 2, 4, 6, 8 and 9 IPs. 752 

 753 

Figure A4.  M2 amplitudes obtained by S_TIDE using 1,12,13,14,17,18,19 and 754 

20IPs (solid lines). Dashed lines are corresponding errors. 755 
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 756 

Figure A5.  O1 amplitudes obtained by S_TIDE using 1, 11, 12, 13,14,17,19 and 20 757 

IPs (solid lines). Dashed lines are corresponding errors. 758 

 759 

Appendix B:  760 

 761 
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 762 

Figure B1.  A zoomed-in version of Figure 6. Insignificant TACs are not displayed. 763 
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