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Abstract: Exploring multi-timescale tidal variability is fundamental and necessary for numerous
practical purposes, such as flood protection, marine cultivation, and ocean transport. It is well known
that tides show significant seasonal, inter-annual, and 18.61-year nodal variability. Less known and
less discussed is the subseasonal tidal variability (i.e., ter-annual, quarter-annual, and penta-annual
cycles) in the coastal ocean. In this study, we explore subseasonal tidal modulations in the Gulf of
Tonkin via the combination of four tide gauges and 27-year multi-satellite altimeter observations.
Both tide gauges and satellite altimeters indicate that tidal subseasonality is significant in the Gulf of
Tokin, although the amplitudes of subseasonal variations are much smaller than those of seasonal
variations. Compared to spatially limited tide gauges, satellite altimeters successfully derive the
basin-scale tidal subseasonality in the Gulf of Tonkin. The largest amplitude of subseasonal tidal
constituents originated from the subseasonality of main tidal constituents, and can reach as high
as 31.8 mm. It is suggested that subseasonal variations in ocean environments (e.g., sea levels and
ocean stratification) induce tidal subseasonality through changing tidal propagation and dissipation.
Although powerful, satellite altimeters also have some defects. Due to tidal aliasing related to
long-period sampling intervals, some subseasonal tidal constituents are indistinguishable in satellite

altimeter records.
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1. Introduction

As periodic water level fluctuations induced by the moon and the sun, ubiquitous
ocean tides play a fundamental role in marine environments and human activities in
the ocean [1,2]. Because of astronomical forces and non-astronomical perturbations (e.g.,
river flow, sea ice and human activities) [3,4], ocean tides are essentially non-stationary
and tidal parameters (amplitudes and phases) often display significant multi-timescale
variations [5,6].

Seasonal (i.e., annual and semi-annual) and 18.61-year nodal cycles are the most
important tidal modulations in the global ocean [7-9]. Seasonal tidal variations are mainly
driven by seasonally changing river flow, sea ice and ocean stratification [10-12]. Kang
et al. (2002) [13] point out that seasonal ranges of M, amplitudes in the Yellow Sea and
the East China Sea can be as large as 40 cm. 18.61-year tidal modulations originate from
the retrograde precession of the lunar ascending and descending nodes with a period of
18.61 years [14,15]. Peng et al. (2019) [16] indicate that high tidal levels can be changed
by 30 cm in an 18.61-year nodal cycle in some sea areas like the Gulf of Tonkin. Except
seasonal and nodal variations, tides also show noticeable inter-annual and multi-decadal
variability in some sea areas. Devlin et al. (2014) [17] found that tides at Honiara are highly
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correlated with the El Nifio-Southern Oscillation (ENSO), which has typical periods of
2-7 years. Pan and Lv (2021) [12] indicated that the amplitude of the quasi 60-year cycle in
M, amplitudes can reach 26.34 mm at Cuxhaven, which is slightly larger than that of the
18.61-year nodal cycle (24.98 mm).

Although there are numerous studies on temporal variations in tidal parameters, few
studies have explored subseasonal tidal variability (i.e., ter-annual, quarter-annual, and
penta-annual cycles). Rayson et al. (2021) [18] indicated that including subseasonal cycles
can obviously improve the accuracy of internal tide amplitude prediction in the Australian
North West Shelf and Timor Sea. Note that Rayson et al. (2021) [18] focused on internal
tides, while we focus on surface tides in this research. Multi-timescale tidal variations are
mainly observed by point-based tide gauges, which are severely restricted by space and
number (Pan et al., 2022) [15]. It is obvious that temporal evolution of tides at point-based
tide gauges cannot represent whole sea regions. Therefore, the purpose of this paper is to
explore subseasonal tidal variations in the Gulf of Tonkin via the combination of four tide
gauges and multi-satellite altimeter observations. The addition of satellite altimeter records
can effectively solve the problem of scarce tide gauges in the Gulf of Tonkin and provide
a basin-scale pattern of subseasonal tidal variability. This paper is structured as follows.
Study domain and data are displayed in Section 2. Section 3 introduces the methodology for
processing tide gauges and multi-satellite altimeters. Results, discussions and conclusions
are given in Sections 4-6, respectively.

2. Study Area and Data
2.1. Study Area

The Gulf of Tonkin (Figure 1), also often called the Beibu Gulf, is a semi-enclosed gulf
with an average water depth of ~42 m [15]. It plays an important role in fishery, navigation
and aquaculture for China and Vietnam. At most sea areas in the Gulf of Tonkin, tidal form
factors are larger than 3 (Figure 2a), which means that tides are diurnal. The tidal form
factor is defined as the ratio of the sum of K; and O; amplitudes to the sum of M; and Sp
amplitudes [5,16]. Only at minor sea areas in the southern part of the Gulf of Tonkin, tidal
form factors range from 1.5 to 3. This indicates that tides can be classified as the mixed,
mainly diurnal form. Tidal ranges in the Gulf of Tonkin can reach ~5 m in the northern
part (Figure 2b) due to abnormally large diurnal tides, caused by diurnal resonance with
the resonant peak period of ~29 h [19]. Due to seasonally reversing monsoons, ocean
environment and tides in the Gulf of Tonkin show significant seasonal variability [20].
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Figure 1. Topography of the Gulf of Tonkin, based on ETOPOI1 dataset [21].
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Figure 2. (a) Tidal form factors (b) Tidal ranges (unit: m) in the Gulf of Tonkin. Tidal constants are
derived from EOT20 model (Hart-Davis et al., 2021) [22].

2.2. Data

The University of Hawaii Sea Level Center (UHSLC) provides four hourly tide gauges
in the Gulf of Tonkin (Table 1). All available tide gauge records were observed before 1998.
At Hondau, water levels were recorded in 1960. Three Chinese tide gauges are longer
than 18.61 years, while Hondau only provides one-year data. At all tide gauges, data
completeness exceeds than 99.80%.

Table 1. Details for four hourly tide gauges in the Gulf of Tonkin.

. UHSLC Latitude Longitude . Completeness
Stations Country Number ©N) CE) Time Span (%)
Hondau Vietnam 650 20.67 106.82 January 1960-December 1960 100.00

Beihai China 636 21.48 109.08 January 1975-December 1997 99.83
Dongfang China 637 19.10 108.62 January 1975-December 1997 99.98
Haikou China 638 20.02 110.28 January 1976-December 1997 99.91

In consideration of the scarcity of tide gauges in the study domain, additional 27-year
multi-satellite altimeter records are analyzed, including Topex/Poseidon (T/P), Jason-
1, Jason-2, Jason-3, Saral/ Altika, Envisat, Geosat Follow-On (GFO), and the interleaved
T/P-Jason series (Figure 3). The details of the analyzed satellite altimeters are listed in
Table 2. These satellite observations are all processed by X-TRACK software to improve
their accuracy in the shallow sea areas [23]. Previous studies [24] have indicated that
X-TRACK products can detect tidal evolution at the order of centimeters in coastal zones.
The length of records (LORs) for all missions, except the T/P-Jason series, are shorter than
10 years. Also, the sampling period of T/P-Jason series is the shortest among these missions,
which means that main tidal constituents can be well resolved. For other missions, due
to the limitations of short LORs and long sampling periods (Table 2), some main tidal
constituents cannot be resolved. For example, the sampling period for Envisat is 35 days,
exactly 70 times as long as the period of S, tide (12 h), which means that S, tides cannot be
resolved by Envisat records. The aliasing periods of K; and P; tides are very close to Sa
tide in Envisat (Table 3), which makes Ky, P1, and Sa tides indistinguishable. Therefore, it
is obvious that the T/P-Jason series are the backbone of this research.
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Figure 3. The ground tracks of multi-satellite altimeters and the locations of four long-term tide
gauges (lightcyan dots) in the Gulf of Tonkin. 1, 2, 3, 4 represent Beihai, Dongfang, Haikou, and
Hondau, respectively.

Table 2. Details for analyzed satellites in this research.

Mission Start Date End Date Sampling Period (Days)
T/P + Jason1 + Jason2 + Jason3 28 February 1993 2 June 2020 9.915642
Envisat 1 October 2002 14 September 2010 35
GFO 8 January 2008 8 September 2008 17.05058
T/P + Jasonl interleaved 21 September 2002 2 February 2012 9.915642
Saral/ Altika 4 March 2013 7 April 2016 35

Table 3. Main tidal constituents and their nodal satellite constituents resolved by multi-satellite
altimeter data. The first Doodson number means tidal species (4 represents quarter-diurnal tide,
2 represents semi-diurnal tide, 1 represents diurnal tide, 0 represents long-period tide) [15]. Alias
periods are calculated using s_alias function in S_TIDE toolbox [2,15].

Tides Doodson Frequency T/P-Jason Alias Envisat Alias

Numbers (Hour™1) Period (Days) Period (Days)
Sa 00100-1 0.000114074 365.260 365.260
Ssa 002000 0.000228159 182.621 182.621
Mg 020000 0.003050092 36.168 79.923
Qin 1-201-10 0.037212374 68.682 135.452
Q 120100 0.037218503 69.383 132.806
O1n 1-100-10 0.038724526 46.015 74.247
Oy 1-10000 0.038730654 45.706 75.067
Py 11-2000 0.041552587 88.925 365.242
Ky 110000 0.041780746 173.322 365.242
Kin 110010 0.041786875 177.856 346.620
Non 2-101-10 0.078993120 49.190 98.808
N, 2-10100 0.078999249 49.548 97.393
Mo, 2000-10 0.080505272 62.648 93.191
M, 200000 0.080511401 62.076 94.487

Sy 222000 0.083333333 58.772 -

K 220000 0.083561492 86.661 182.621
Kon 220010 0.083567624 87.780 177.842

My 400000 0.161022801 31.038 135.055
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3. Methods
3.1. Harmonic Analysis for Tide Gauges

We divide tide gauge observations into monthly sections which are subjected to
classical harmonic analysis at weekly time steps via S_TIDE [2]. As a newly proposed
tidal harmonic analysis toolbox based on T_TIDE [25], S_TIDE has been widely used in
exploring multi-timescale tidal variations [3,8]. According to the Rayleigh criterion, S_TIDE
can resolve 29 tidal constituents from one month of data. Theoretical nodal factors and
nodal angles are applied to correct 18.61-year nodal cycles in tidal amplitudes. Note that
resolving P; from Kj needs at least half a year of data. As such, we infer P; from K;j in
the course of harmonic analysis based on the equilibrium tide theory (see Figure A1 in the
Appendix A for details). Such an inference is reasonable because the relationship between
Py and K; tides is highly consistent with theory in the Gulf of Tonkin [15]. After obtaining
weekly tidal amplitudes, Equation (1) is applied to extract subseasonal tidal variability.

N 2r .27
H](t) =Co+ Cit+ l; Cy,i COS(?it) + Gy sm(?it) 1

where H;(t) is the weekly tidal amplitude for tidal constituent j at time . Cy is a constant
and C; is the long-term trend. C;; and C3; are the amplitudes of the cosine and sine
terms of the cycle with the period of T}, respectively. The cycles in Equation (1) include 1,
1/2,1/3,1/4,1/5 years. Considering the deviation between actual and theoretical nodal
modulations in the Gulf of Tonkin [12,14], Equation (1) additionally includes the 18.61-year
cycle to remove residual nodal cycles in tidal amplitudes at Beihai, Dongfang and Haikou.
We only focus on the subseasonality of three largest tidal constituents, namely, My, K; and
Oj in this study. For comparison, the results of tidal seasonality are also displayed. If the
signal-to-noise ratio (SNR) of the cycle exceeds two, this cycle is significant [25].

3.2. Harmonic Analysis for Satellite Altimeters

Different from that for tide gauges, the process for satellite altimeters is more complex
due to tidal aliasing having originated from long sampling periods. As shown in Table 3,
M, tides (~0.5175 days) are folded into low-frequency water level fluctuations with periods
of 62.076 days and 94.487 days in T/P-Jason and Envisat records, respectively. Like Piccioni
et al. (2021) [26], we divide multi-satellite altimeter records into overlapping circular
blocks. The circular block has a radius of 0.3° and water level observations in each block
are independently subjected to weighted harmonic analysis. The Gaussian weights are
calculated based on the distances to the analyzed point [15,22]. The main tidal constituents
and their nodal satellite constituents, shown in Table 3, are resolved by multi-satellite
altimeter records. A total of 23 seasonal and subseasonal tidal constituents shown in
Table 4 are also resolved. O; 552 and O;*°%2 tides have the frequencies of wo; — 5ws, and
w1 + 5ws,, where wo; and ws, represent the frequencies of O; and Sa constituents. The
sum of O 5% and O; 7% tides is the penta-annual cycle of O tides.

Other subseasonal and seasonal tides are named in similar ways. Some subseasonal
constituents (i.e., K; ™52, K; 4% K;*+3%a M, 3% M, 452 M, 552) cannot be resolved be-
cause their aliasing periods are too close. For example, the aliasing periods of K;*52 and
M, 352 tides are 126.275 days and 126.648 days in T/P-Jason records, respectively. Based
on the Rayleigh criterion, at least 117.47-year records are needed to fully resolve K;*>5
and M, 3% tides. Also, it should be noted that K; 252 tide is P; tide. To clear up artifacts
induced by background noises, such as mesoscale ocean variability and observation errors,
two criteria should be met: (1) Missing values should be fewer than 20% and at least
7 T/P-Jason observation points should be located in the circular block. This criterion can
ensure that water level records are sufficient enough to resolve tidal constituents listed in
Tables 3 and 4 and reduce the potential errors of tidal amplitudes. (2) For satellite altimeter
records, due to the existence of tidal aliasing, SNR should be no less than four.
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Table 4. Seasonal and subseasonal tidal constituents resolved by multi-satellite altimeter data. Alias

periods are calculated using s_alias function in S_TIDE toolbox [2,15].

Tides 1]\)13;):;::; Frequency (Hour—1) T/P-Jason Alias Period (Days)
0, 55a 1-1-5000 0.038160284 122.100
0, %52 1-1-4000 0.038274358 91.510
0,35 1-1-3000 0.038388432 73.177
0, %2 1-1-2000 0.038502506 60.963
0, S 1-1-1000 0.038616580 52.244
O, 15 1-11000 0.038844728 40.623
O+ 1-12000 0.038958802 36.557
0,135 1-13000 0.039072876 33.231
O, *45a 1-14000 0.039186950 30.460
O, *5%a 1-15000 0.039301024 28.115
K, 552 11-5000 0.041210376 51.391
K, 452 114000 0.041324450 59.806
K; 352 11-3000 0.041438524 71.545
K, Sa 11-1000 0.041666672 117.544
K, *Sa 111000 0.041894820 329.827
K, *2%a 112000 0.042008894 3400.064
M, 2% 202000 0.080283253 94.041
M, 52 20-1000 0.080397327 74.786
M, *52 201000 0.080625475 53.059
M, t25a 202000 0.080739549 46.329
M,*3%a 203000 0.080853623 41.114
M, 452 204000 0.080967697 36.954
M, *55a 205000 0.081081771 33.559
4. Results

4.1. Subseasonal Tidal Variability from Tide Gauges

The amplitudes of the subseasonal cycles in My, K; and O; amplitudes are displayed
in Table 5. Although the amplitudes of the subseasonal cycles are noticeably smaller than
those of seasonal cycles, subseasonal variations are significant at all tide gauges. The
maximum amplitude of the semi-annual cycle can reach 66.1 mm at Hondau, while the
maximum amplitude of the ter-annual cycle can reach 18.1 mm at Beihai (Table 5). In
general, the amplitudes of the ter-annual cycle are larger than those of the quarter-annual
and penta-annual cycles, especially for K; tide. Due to short LOR (one year), the amplitude
errors at Hondau are significantly larger than those at Beihai, Dongfang, and Haikou.

Table 5. The amplitudes and errors (unit: mm) of the seasonal and subseasonal cycles in tidal

amplitudes at Hondau, Beihai, Dongfang and Haikou. Amplitude errors are obtained based on 95%

confidence intervals [15]. Statistically insignificant results are labeled by underlining.

Stations Constituent 1 Year 1/2 Year 1/3 Year 1/4 Year 1/5 Year
Hondau Ky 29.8 + 10.5 3724+ 65 15.6 £4.1 6.8 +3.5 1.1+29
Hondau (O] 35.0 4+ 27.5 66.1 + 8.7 10.5 £ 11.0 7.9+ 8.9 119+ 84
Hondau M, 289 +9.2 13.4+48 9.0+£34 95+25 56122
Beihai Ky 31.3+1.2 31.5+1.2 181 +1.2 49+1.2 37+12
Beihai 04 36.3 +2.0 63.8 +2.0 1.5+ 2.0 444+20 1.0+ 2.0
Beihai M, 159+ 1.1 41.0+1.1 81+t1.1 1.2+ 1.1 1.1+1.1
Dongfang Ky 26.5 + 0.9 194 +£09 10.8 £ 0.9 3.6 09 3.8+09
Dongfang (O] 179 +1.3 38.8+ 13 0.5+1.3 21+13 14+ 1.3
Dongfang M, 48 +04 13.0+£04 20+£04 0.2 +04 0.5+04
Haikou K3 25.14+0.7 144 +£0.7 94 4+ 0.7 294+0.7 28 +0.7
Haikou (O] 158 £ 1.1 223+ 1.1 0.8 £1.1 19+1.1 1.5+1.1
Haikou M, 26.8 + 0.9 18.6 = 0.9 25+09 0.4 +0.9 0.9 +0.9
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Figure 4a shows the observed and fitted weekly K; amplitudes at Beihai, while results
at Dongfang and Haikou are shown in the Figure A2 in the Appendix A. The fitted K;
amplitudes used in Equation (1) can explain more than 85% of the signal variance, indicating
the reliability and effectiveness of Equation (1). Seasonal modulations can change K;
amplitudes by 50 mm, while subseasonal modulations can change K; amplitudes by 20 mm
(Figure 4b). As displayed in Figure 5, without consideration of subseasonal variations, the
fitted Ky and M, amplitudes at Hondau noticeably deviate from the observed amplitudes.
In a word, the results of four tide gauges indicate that subseasonal tidal modulations play a
non-negligible role in total tidal variability. In Section 4.3, we will show the spatial pattern
of subseasonal tidal variability based on satellite altimeters.
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Figure 4. (a) The observed (black line) and fitted (red line) weekly K; amplitudes at Beihai.
(b) Seasonal (green line) and subseasonal (pink line) variations in K; amplitudes at Beihai.
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Figure 5. (a) The observed (black line) and fitted (red line) weekly M, amplitudes at Hondau. Green
line represents the fitted results without subseasonal cycles. (b) Same as (a), but for K; tide.
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4.2. Seasonal Tidal Variability from Satellite Altimeters

Figure 6 describes the spatial patterns of M, S, K; and O7 amplitudes in the Gulf of
Tonkin based on multi-satellite altimeter records, which is highly consistent with previous
studies [15,19]. Semi-diurnal tides are much smaller than diurnal tides in the Gulf of
Tonkin. The largest M, amplitude would be about 40 cm, while the maximum O; and K;
amplitudes can exceed 90 cm and 80 cm, respectively. The spatial pattern of O; amplitudes
is highly consistent with that of K; amplitudes. O; amplitudes are slightly larger than K;
amplitudes due to local resonance. Note that valid amplitudes which meet the proposed
criteria are generally close to T/P-Jason ground tracks.

(a) M2 amplitude (cm) (b) S2 amplitude (cm)
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Figure 6. Estimated tidal amplitudes (unit: cm) in the Gulf of Tonkin from multi-satellite altimeter
observations (a) M, (b) S, (c) O7 (d) Kj.

The semi-annual cycles of O, tides are much stronger than the annual cycles, which is
strongly consistent with tide gauges (Figure 7 and Table 5). The maximum amplitude of
0;*%%2 tide can reach 58.8 mm in the east of the Gulf of Tonkin (Figure 7b). By contrast, the
maximum amplitudes of O —5a and O; %2 tides are no larger than 23.0 mm (Figure 7c,d).
The seasonal variations in M, tides are weaker than those of O; tides, especially for the
semi-annual cycles. The maximum amplitude of M,*?5 tide is 28.0 mm in the north of the
Gulf of Tonkin (Figure 8b). The annual cycles of K; tides are noticeably larger than those of
the Oj tides in the Gulf of Tonkin (figure not shown). The amplitudes of K; 5 tide can
reach 41.7 mm at most in the Gulf of Tonkin.
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Figure 7. Estimated tidal amplitudes (unit: mm) in the Gulf of Tonkin from multi-satellite altimeter
observations (a) O; 7252 (b) O1*2%2 (¢) O =52 (d) O; ™.
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Figure 8. Estimated tidal amplitudes (unit: mm) in the Gulf of Tonkin from multi-satellite altimeter
observations (a) M, 252 (b) M, *252 (¢) M, 52 (d) M, 52,
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4.3. Subseasonal Tidal Variability from Satellite Altimeters

The spatial patterns of the amplitudes of subseasonal constituents are displayed in
Figures 9 and 10. Both tide gauges and satellite altimeter data indicate that subseasonal
modulations are significant, but much weaker than seasonal modulations. The spatially
averaged amplitudes of 0,755, O*%5a O, 4% ;%452 O;735%2 and O;*%5 in the Gulf
of Tonkin, extracted from multi-satellite altimeter data, are 11.6 mm, 10.0 mm, 9.2 mm,
8.0 mm, 8.6 mm, 8.4 mm, respectively. Generally, for O; tides, penta-annual modulations
are stronger than ter-annual and quarter-annual modulations. The O; 5% tide has the
maximum number (582) of observation points which have valid amplitudes, while the
0,32 tide has the minimum number (97). It should be noted that the amplitudes of
017552, 017452, 0,73 are slightly larger than those of their counterparts (i.e., O;*%?,
01452, 0,3%2). The largest amplitudes of these subseasonal constituents originate from Oy
subseasonality and can reach 30.8 mm in the north of the Gulf of Tonkin (Figure 9c).
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Figure 9. Estimated tidal amplitudes (unit: mm) in the Gulf of Tonkin from multi-satellite altimeter
observations (a) O; =552 (b) 017552 (¢) O; 452 (d) O;+452 (e) O; ~352 (f) O, 352,



Remote Sens. 2023, 15, 466

11 of 17
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Figure 10. Estimated tidal amplitudes (unit: mm) in the Gulf of Tonkin from multi-satellite altimeter
observations (a) M,*552 (b) K; ~552 (c) M52 (d) Ky 452 (e) M,*3%2 () K; ~352,

The spatially averaged amplitudes of M,+95a M,*452 M,*+35a K 5% K 4% and
K;7%% in the Gulf of Tonkin are 8.8 mm, 9.5 mm, 9.2 mm, 9.5 mm, 7.8 mm, 11.3 mm,
respectively. Compared to M»*%5? and M,*358, M,*452 has the largest mean amplitude
and the maximum number (411) of observation points which have valid amplitudes. The
largest M 452 amplitude can reach 31.8 mm in the south of the Gulf of Tonkin (Figure 10c).
Compared to K; 75 and K; ~#5%, K; =352 has the largest mean amplitude and the maximum
number (603) of observation points which have valid amplitudes. The largest K; —3%
amplitude can reach 31.3 mm in the east of the Gulf of Tonkin (Figure 10f). In summary, the
features of subseasonal variations in Mj, Ky, and O; tides in the Gulf of Tonkin are distinct.
The strongest subseasonal cycles in My, Kj, and O; tides are the quarter-annual, ter-annual,
and penta-annual cycles, respectively.
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5. Discussions
5.1. Causes of Subseasonal Tidal Variability

Previous studies have indicated that seasonal variations in ocean environments (e.g.,
sea levels, river flow, ocean stratification, sea ice) can induce noticeable seasonality in tides
by influencing tidal propagation, reflection and dissipation [10,11]. Similarly, subseasonal
changes in an ocean environment can produce subseasonality in tides. It is true that
each tidal constituent has a different response to changes in the ocean environment due
to distinct tidal frequencies and tidal wave lengths. Also, note that the Gulf of Tonkin
is highly resonant [15], which means that local tides are very sensitive to changes in
ocean environment.

In general, seasonal variations in ocean environment are absolutely stronger than sub-
seasonal signals. Thus, tidal seasonality is also definitely stronger than tidal subseasonality.
The amplitudes of the annual and semi-annual cycles, in gridded daily multi-satellite sea
levels with a resolution of 0.25° [27,28], can reach 147.0 mm and 53.0 mm, respectively
(Figure 11a,b). Meanwhile, the largest amplitude of subseasonal variations in gridded
daily multi-satellite sea levels can only reach ~11.5 mm (Figure 11c). The maximum ampli-
tude of the annual cycle in monthly mean water levels (MMWLs) at four tide gauges can
reach 94.7 mm, while that of the quarter-annual cycle in MMWLs can only reach 31.5 mm
(Table 6). The abnormally large amplitudes of subseasonal variations in MMWLs at Hon-
dau may be related to river flow. For Beihai, Dongfang and Haikou, ter-annual variations
in MMWLs are strongest, followed by quarter-annual and penta-annual variations.

It is notable that the ter-annual, quarter-annual, and penta-annual cycles in K; ampli-
tudes may be amplified by the seasonal variability of astronomical P; tides. The frequency
of the P; tide is equal to that of the K;, minus the frequency of the semi-annual cycle. The
annual and semi-annual cycles of astronomical P; tides can exaggerate the ter-annual and
quarter-annual cycles in K; tides, respectively. This may be the major reason why both tide
gauges and satellite altimeters indicate that the ter-annual cycles in K; tides are stronger
than other sub-seasonal cycles.

Table 6. The amplitudes and errors (unit: mm) of the seasonal and subseasonal cycles in monthly mean
water levels (MMWLs) at Hondau, Beihai, Dongfang and Haikou. Amplitude errors are obtained
based on 95% confidence intervals [15]. Statistically insignificant results are labeled by italic text.

Stations 1 Year 1/2 Year 1/3 Year 1/4 Year 1/5 Year
Hondau 64.6 +43.0 38.5 +10.5 246 +11.6 31.54+94 27.1 + 8.3
Beihai 94.7 +£ 3.2 38.7 £ 3.2 14.0 £3.2 8.8 £3.2 3.8+32
Dongfang 86.2 +3.2 59.9 £ 3.2 184 £3.2 94 +32 1.9+ 32
Haikou 874 +33 53.24+3.3 19.7 £ 3.3 6.6 3.3 3.5+33

5.2. Benefits and Defects of Present Study

Subseasonal tidal variations are usually ignored when exploring the temporal evolu-
tion of tides. At the moment, widely used tidal harmonic analysis tools such as T_TIDE [25]
can only resolve constituents which represent the annual and semi-annual cycles of M,
S; and K; tides, while the annual and semi-annual cycles of O tide are not included. Our
study clearly indicates the significance of tidal subseasonality, an element which should be
considered when conducting harmonic analysis and tidal predictions. In this paper, we
also systematically name these subseasonal and seasonal constituents using superscript.
It should be noted that some seasonal constituents have been named. The constituents
which represent the annual cycle of the M, tide (0.080511 h~1) have been named as MA,
(0.080397 h~1) and MB, (0.080626 h™!), while the constituents representing the annual
cycle of the O tide (0.038731 h~!) have been named as OA; (0.038617 h~') and OB
(0.038845 h~1), respectively. Using our naming rule, MA,; and MB; tides can be renamed
as M, 52 and M,*? tides, respectively. Similarly, OA; and OB; tides can also be renamed
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as O; 75 and 015 tides, respectively. It is obvious that our names are more intuitive than
traditional naming in terms of tidal frequencies.

a) Amplitudes of annual sea levels (mm

litudes of semi-annual sea levels (mm

20°N

19°N

18°N

17° —
1'35"5 106°E  107°E 108°E 109°E 110°E 111°E

c) Amplitudes of ter-annual sea levels (mm
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Figure 11. Estimated amplitudes (unit: mm) of the annual (a), semi-annual (b), ter-annual (c),
quarter-annual (d), and penta-annual cycles (e) in gridded daily multi-satellite sea levels in the
Gulf of Tonkin.

The present study also has some limitations which can be further improved in the
future research. Although satellite altimeter observations cover the whole gulf, the valid
amplitudes are spatially limited to the ground tracks of T/P-Jason series. The long sam-
pling interval and LOR also makes some subseasonal tidal constituents indistinguishable.
In Equation (1), the amplitudes and phases of the seasonal and subseasonal cycles are
assumed to be constants, meaning that all cycles are perfectly stationary. This assumption
is unrealistic, especially for tide gauges located in the river estuary. It is well known that
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seasonal and subseasonal variations in river flow, ocean stratification and sea levels are
typically modulated [29]. Therefore, the results of Equation (1) only represent the mean
seasonal and subseasonal cycles in tidal signals. Table 7 displays the temporal evolution of
K; tidal subseasonality and seasonality at Beihai, Dongfang, and Haikou. Take Dongfang
as example. During 1975-1986, the amplitudes of the annual, semi-annual, and ter-annual
cycles in K tides at Dongfang are 29.1, 21.6, 11.5 mm, respectively. In the next ten years,
the amplitudes of the annual, semi-annual, and ter-annual cycles in K; tides reduce to 24.7,
17.7,9.4 mm, respectively.

Table 7. Temporal variations in amplitudes (unit: mm) of the seasonal and subseasonal cycles in K;
tides at Beihai, Dongfang and Haikou. Amplitude errors are calculated based on 95% confidence
intervals [15].

Stations Period 1 Year 1/2 Year 1/3 Year 1/4 Year 1/5 Year

Beihai 1975-1986 340+£20 346 £20 179 £ 2.0 46+20 37+£20
Beihai 1986-1997  30.7 £ 2.0 28.7 £2.0 17.6 £2.0 50£20 43+20
Dongfang  1975-1986 291+14 216 +14 115+ 14 35+14 35+14
Dongfang  1986-1997 247 +1.3 177 £ 1.3 94+13 39+£13 43+13
Haikou 1976-1986 26.0£1.0 159+£1.0 9.6 £1.0 23+1.0 23+1.0
Haikou 1986-1997 244+ 1.0 132+ 1.0 9.1+1.0 3610 33+1.0

6. Conclusions

The semi-annual, annual, inter-annual, nodal, as well as long-term tidal changes have
been widely investigated by lots of studies [3,5]. However, subseasonal tidal changes
(ter-annual, quarter-annual, and penta-annual cycles) still receive limited attention. In this
paper, based on the combination of four tide gauges and 27-year multi-satellite altimeter ob-
servations, we indicate the significance of the subseasonal cycles in main tidal constituents
in the Gulf of Tonkin and draw the spatial pattern of tidal subseasonality. The largest
amplitude of subseasonal tides can reach as high as 31.8 mm in the Gulf of Tonkin, which
is comparable to the magnitude of S, amplitudes (Figure 6b). Through including these
subseasonal tidal constituents, the accuracy of tidal prediction can be further improved,
which is beneficial for human activities in the ocean. The methods applied in the Gulf of
Tonkin can also be transferred to other sea areas with significant subseasonal modulations.

In the future, we will try to consider more satellite altimeters such as Sentinel series
(Sentinel-3A, Sentinel-3B, Sentinel-6A), Haiyang series (Haiyang-2A, Haiyang-2B, Haiyang-
2C), and ERS series (ERS-1, ERS-2), and Cryosat-2 to further improve the coverage and
number of water level observations. The upcoming SWOT mission will also help to
further close the spatial gap between tide gauges and satellite altimeters and promote our
knowledge of multi-timescale tidal variability.
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Appendix A

Previous studies [15] have indicated that the spatially averaged ratio of P; amplitudes
to K; amplitudes in the Gulf of Tonkin is 0.3237 based on multi-satellite altimeter records,
which is nearly same to the equilibrium value (0.3309). Figure A1l clearly indicates that
anomalously large semi-annual cycles in K; amplitudes caused by unresolved P tides
are successfully removed via tidal inference using the equilibrium value. Seasonal and
subseasonal cycles at Dongfang and Haikou are displayed in the Figure A2.
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Figure Al. Estimated K; amplitudes (unit: mm) with (red lines) and without inference using the
equilibrium value (black lines) in the Gulf of Tonkin. (a) Beihai (b) Dongfang (c) Haikou (d) Hondau.
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Figure A2. (a) The observed (black line) and fitted (red line) weekly M, amplitudes at Dongfang.
(b) The observed (black line) and fitted (red line) weekly M, amplitudes at Haikou. (c) The observed
(black line) and fitted (red line) weekly K; amplitudes at Dongfang. (d) The observed (black line)
and fitted (red line) weekly K; amplitudes at Haikou. (e) The observed (black line) and fitted (red
line) weekly O; amplitudes at Dongfang. (f) The observed (black line) and fitted (red line) weekly O
amplitudes at Haikou. Green lines represent the fitted results without subseasonal cycles.
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