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ABSTRACT

A 1/12°, 2-D barotropic tide model was used to examine the characteristics of barotropic tides and to improve the accu-
racy of predicting tidal sea levels and currents in the seas around Taiwan. The form ratio suggests that tides are predominantly
semidiurnal in the northern reaches of the Taiwan Strait and mixed of diurnal and semidiurnal elsewhere around Taiwan.
When the dominant M, wave enters the Strait from the north, its amplitude is magnified to ~2 m in the middle, and then de-
creases rapidly toward the south end of the Strait. The predominance of diurnal tides along the southwest to the south coast
of Taiwan is attributed to the quasi-resonance of diurnal waves in the South China Sea. The tidal range is small and tidal
currents are weak off the east coast of Taiwan. Barotropic tidal energy is mostly dissipated on the shallow banks of the south-
western Strait. Results summarized from sensitivity tests on the bottom drag coefficient (Cp) and horizontal eddy viscosity
(A, indicate that C;, = 0.0015 - 0.00175 and A,, = 150 m? s”' lead to the best model-data fit when compared to the observed
tidal sea levels at ten reference tide-gauge stations around Taiwan. The averaged root-mean-squared (RMS) differences of the
simulated tidal sea level for the six principal constituents of Oy, P, K;, N,, M,, and S, are significantly reduced to 1.3, 0.7, 2.0,
1.6, 5.1, and 3.1 cm, respectively, compared to that calculated from a 0.5° resolution global tide harmonic constant database,
NAO.99b (Matsumoto et al. 2000). The averaged RMS differences of barotropic tidal currents (U, V) for O,, K, M,, and S, are
(0.92, 1.64), (1.17,0.61), (3.88, 2.37), and (1.52, 1.20) cm s!. A database of tidal sea levels and current harmonic constants,
TWTIDEOQS, for Q,, Oy, P, K;, J;, OO, 2N,, W, N,, v, My, L,, T,, S, and K, is established with this study.
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1. INTRODUCTION

Barotropic tides in East Asian waters (Fig. 1) have
been studied at great length using observed tidal sea levels
and currents supplemented with numerical tide models. The
purpose of these investigations can be categorized into two
groups, an analysis of the dynamics responsible for tidal
wave behavior (e.g., Ye and Robinson 1983; Yanagi and
Takao 1998; Fang et al. 1999; Jan et al. 2002; Jan et al.
2004a); and improvement in the accuracy of the numerical
tide model (e.g., Kang et al. 1998; Lefevre et al. 2000; Mat-
sumoto et al. 2000; Jan et al. 2004b). As summarized from
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these studies, barotropic tidal waves are dominated by semi-
diurnal constituents in the Northwest Pacific Ocean which
propagate essentially westward to the East China Sea (ECS)
and to the semi-enclosed South China Sea (SCS). When the
tidal waves propagate onto the shallow shelf of the ECS, the
dominant waves remain semidiurnal and their amplitude is
magnified due to quarter wave resonance. When the tidal
waves propagate into the SCS through the Luzon Strait, the
dominant waves become diurnal, which is also due to quar-
ter wave resonance for diurnal tides in the SCS. The semidi-
urnal tidal waves in the ECS split into two directions as they
approach the coast around the Chang River (aka Changjiang
or Yangtze River) mouth, with one propagating northward
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Fig. 1. Bathymetry of the East Asian seas. The dashed rectangle denotes the model domain of this study and the solid rectangle encloses the seas
around Taiwan. The propagation of barotropic tidal waves is schematically indicated by arrows.

to the Yellow and Bo Seas and the other going southward
to the southern end of the Taiwan Strait. The diurnal tidal
waves in the SCS, on the other hand, are significantly am-
plified after propagating through the Luzon Strait.

According to published co-tidal charts (e.g., Fang et al.
1999; Lefevre et al. 2000), tidal amplitude is relatively large
(> 2 m) along the west coast of Korea and in the Taiwan
Strait. The associated barotropic tidal currents are excep-
tionally strong (> 1 m s') along the west coast of Korea and
the northern coast of Taiwan and on the shallow bank in the
southwestern Taiwan Strait. Several amphidromic points
present in the Yellow Sea and the Gulf of Thailand.

The accuracy of the simulated tidal sea levels is often
evaluated by the root-mean-squared difference (hereafter
the RMS difference) between the observed and modeled tid-
al sea levels. This study compared the RMS difference be-
tween different tide models for the primary semidiurnal and
diurnal constituents, i.e., M, and K. Lefevre et al. (2000)

conducted a numerical model study using a finite element
model (hereafter FES94.1) for tides in the Yellow and East
China Seas. The distance between two nodes is approxi-
mately 30 km in the deep ocean and 5 km along coastlines.
The RMS differences of FES94.1 simulated M, and K, tides
are approximately 15.8 and 5.1 cm, respectively, in the seas
around Taiwan. Similar discrepancies for sea levels calcu-
lated by the Center for Space Research global model with
0.5° grid resolution (hereafter CSR4.0) developed by Eanes
and Bettadpur (1996) are 17.7 cm (M,) and 1.9 cm (K). The
RMS discrepancies of a two-dimensional (2-D), 0.5° reso-
lution global tide model with the assimilation of TOPEX/
Poseidon altimeter data (hereafter NAO.99b) developed by
Matsumoto et al. (2000) are 15.2 and 2.6 cm respectively for
M, and K. By comparison, the respective performance of
the three models is mixed. The spatial differences of ampli-
tude for M, and K, between NAO.99b and CSR4.0 were fur-
ther compared, as shown in Fig. 2. Distinct discrepancies,
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especially for M,, appear in the coastal region adjacent to
the southeast coast of China and in the Taiwan Strait where
the difference is as large as 16 cm. Moreover, a generally
accepted concept in tidal simulation is that it is difficult to
simulate tides accurately in the coastal regions with a global-
or basin-scale tide model. A major cause for the model-data
mismatch is the truncation error in the model topography
due to insufficient horizontal grid resolution. The aforemen-
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Fig. 2. Spatial variation of the difference in calculated tidal sea levels
between NAO.99b and CSR4.0 for (a) M, and (b) K.

tioned comparisons and concerns justify the need for a more
accurate simulation using a higher resolution regional tide
model for barotropic tides around Taiwan.

Accurately calculated tides have many applications,
including the calculation of ocean tide loading, the removal
of barotropic tidal currents from measured ocean current ve-
locities and data correction on a bottom depth measurement.
Thus, the objectives of this study are to summarize the char-
acteristics of barotropic tides using observations and model
results, and to increase the accuracy of simulated tides as
compared to NAO.99b, particularly for the sea around Tai-
wan. To achieve these objectives, a 1/12°, 2-D tide model,
covering each of the East Asian seas, is developed. A har-
monic constant database of barotropic tidal sea levels and
currents for fifteen tidal constituents are established along
with this study.

2. DATA AND ANALYSES

This study concentrates on the simulation of tides in
seas around Taiwan between 116 - 125°E and 18.5 - 28°N
(the solid rectangle in Fig. 1). Tidal sea levels measured at
twenty coastal and island tide-gauge stations around Taiwan
(see Fig. 3 for their locations) were collected for this study.
Hourly data was used to calculate the harmonic constants
using the harmonic analysis method described in Foreman
and Henry (1977). The tidal phase in this study refers to
Greenwich Mean Time (GMT). Current velocities mea-

128°

Fig. 3. Locations of tide-gauge stations and bottom-mount ADCP
mooring stations. Tidal sea level data collected at stations, as indicated
by circles, is used for data assimilation and data collected at stations,
as indicated by triangles, is used for evaluation.
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sured at six bottom-mount acoustic Doppler current profiler
(ADCP) stations in the Taiwan Strait (Fig. 3) during the
project of the Taiwan Strait Nowcast Study (TSNOW) were
also utilized to validate the simulated tidal currents.

Results derived from the harmonic analysis suggest
that, on average, the fifteen largest dominant tidal constitu-
ents are M,, Sy, Ky, Oy, Ny, Py, Ky, Ly, va, Qy, 1o, T, 2N, T,
and OO,. The summation of the first six constituents gen-
erally accounted for more than 90% of the tidal sea level
variation. Table 1 lists the harmonic constants for the six

principal constituents, Oy, P,, K;, N,, M,, and S,, at each tid-
al station. Along the east coast of China, the tidal amplitude
of the dominant M, reaches a maximum value, ~200 cm,
near stations MT and WC. Around the coast of Taiwan,
the tidal amplitude peaks near TC, ~200 cm, then decrease
towards the northern and the southern tip of Taiwan; the
amplitude is small, ~50 cm, along the east coast of Taiwan
(LD, HL,, CG, and KT).

Table 2 lists the harmonic constants of depth-averaged
current velocity components U and V for four primary

Table 1. Tidal sea level harmonic constants for O,, P, K;, N,, M,, and S, at twenty tide-gauge stations around Taiwan coast, in which A represents
amplitudes in cm and G represents phase in degrees. The reference time for phase is GMT (Greenwich Mean Time).

0O, P, K, N, M, S,

St. A G A G A G A G A G A G

MT 24.15 80.7 9.71 112.8 31.99 115.0 35.25 141.1 203.78 61.1 64.94 84.6
wC 25.59 97.9 11.01 134.4 34.10 144.3 35.30 164.2 209.24 87.5 62.52 119.0
KM 25.57 105.8 11.22 143.8 34.16 152.0 31.63 185.2 179.08 106.1 54.05 144.4
TS 15.73 89.6 6.33 118.3 18.83 126.2 14.27 162.4 84.66 80.0 25.75 103.3
HC 19.09 91.7 7.78 131.8 24.53 131.5 28.49 162.2 162.67 80.1 48.70 113.3
TC 20.94 97.0 8.31 137.3 26.92 140.9 33.96 163.6 184.67 83.6 52.76 115.0
BD 21.62 111.1 6.81 143.7 28.15 144.6 13.48 154.1 71.52 67.2 16.59 107.9
KS 19.23 119.1 6.04 136.9 21.53 154.1 3.07 96.5 22.87 353.2 13.54 335.7
PH 20.92 110.9 7.01 146.7 2591 152.7 15.61 164.9 84.86 81.0 21.70 123.5
LY 15.71 81.3 5.47 106.5 24.24 159.9 8.21 28.8 41.88 294.9 17.65 315.7
KS 15.91 130.0 5.78 158.2 17.19 167.0 4.02 342.3 6.73 353.1 3.37 105.7
KT 20.99 113.0 7.61 144.7 23.00 137.6 5.36 317.7 27.15 318.6 13.06 343.0
PH 21.03 127.3 7.69 156.9 24.19 160.1 16.18 74.9 90.09 95.41 23.29 137.4
CG 14.75 79.2 5.85 96.9 17.54 101.5 9.65 290.3 20.6 324.8 3.02 67.7
Iw 18.68 99.0 7.16 122.2 22.05 126.0 23.09 61.23 121.43 82.7 34.89 115.0
DS 18.58 127.5 6.35 157.9 20.88 161.3 13.42 56.5 68.78 78.6 16.65 116.9
HL 14.07 81.6 5.30 100.6 15.69 98.8 8.57 295.7 44.20 302.6 19.82 325.1
GF 12.06 74.0 4.85 94.5 14.40 100.4 5.40 306.6 27.73 315.1 12.00 337.6
BL 19.70 124.5 7.22 155.9 22.69 157.8 20.37 64.4 104.91 86.7 2791 125.8
LD 16.47 76.5 6.49 96.43 19.94 100.7 5.26 334.9 21.74 339.8 10.42 344.6
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constituents, O,, K, M,, and S,. Tidal currents at the six
mooring sites are dominated by the M, tide, and are nearly
aligned along the longitudinal axis of the strait. Barotro-
pic tidal currents are very strong (~0.7 m s') at the north
end of the Penghu Channel (PHC) but relatively weak
(< 0.06 m s!) off the middle-west coast of Taiwan (WC4).
The K, tidal currents are relatively small (< 0.1 m s) and
mostly align along the axis of the strait.

3. MODEL DESCRIPTION

The tide model developed in this study was modified
from the Princeton Ocean Model which was originally de-
scribed in Blumberg and Mellor (1987). The model is a
depth-integrated, nonlinear, two-dimensional model with
the addition of tidal forcing. After taking the vertical inte-
gration, the governing equations are as follows.

oUD OU'D OUVD . 0U
ot 0x oy _WD=AMH[2 0x
0 (dU oV 0 (&-bn)

+Fl 4 gD—5—— (H

(5+5)

Toy\ay T ax x

75
ovD o0UVD 0V'D ,— 0V
4 (oU oV ) a($-Pn)
+ ax(iy + 8x> +F,+gD 3y )
dn O0UD 0VD
9t ox T 0y =0 @)

where D (= H + ) is total ocean depth, ¢ is time, H is mean
ocean depth, 7 is sea level variation, (U, V) represent the
depth-averaged horizontal velocities in the x and y direc-
tions, fis the Coriolis parameter, A,, is horizontal viscosity,
(F%, F?) are bottom stress components in the x and y direc-
tions, 5 (= 0.940 for diurnal tides and 0.953 for semidiurnal
tides) represents the ocean tide loading which is caused by
the deformation of the Earth due to the weight of the ocean
tides (Foreman et al. 1993), ¢ is adjusted height of equilib-
rium tides, and g is the gravitational acceleration. Note that
different tidal models may adopt different 5. For example,
in the model provided by Niwa and Hibiya (2004), /3 is as-
sumed to be 0.9 according to Ray (2001). Indeed, j is in

Table 2. Tidal current harmonic constants for U and V derived from the model results at the six ADCP stations of O,, P,, K;, N,, M,, and S, (Ay and
Ay: amplitudes in cm s, GU and GV: phase in degree; reference time for phase: GMT).

0, P, K, N, M, S
St. Ay Gy Ay Gy Ay Gy Ay Gy Ay Gy Ay Gy
wCl 542 2609 2.61 3142 789 3072 569 2437 2565 2570 779 2855
wC2 537 2618 246 3008 742 2938 385 2215 18.69 2322 6.69 2760
wC3 4.11 254.1 176 300.5 533 2935 277 2082 1135 2144 396 2552
WC4 299 2645 127 2979 382 2909 100 2118 357 2230 1.77 269.5
EWC 6.13 2378 309 2885 9.33 2814 491 183.0 2847 2046 934 2486
PHC 310 2698 1.43 295.1 432 288.1 496 2956 2770 3362 8.71 351
Ay Gy Ay Gy Ay Gy Ay Gy Ay Gy Ay Gy
wCl 296 2456 157 3147 473 307.6 307 2637 1602 2848 480 3025
wC2 388 2729 1.75 308.5 5.28 301.5 320 2623 1582 2840 571 3134
wC3 3.61 256.1 166 309.3 5.03 302.3 198  257.6 8.88 2737 3.38 309.4
wC4 3.71 2515 179 3141 540  307.1 115 2137 390 2249 210 2714
EWC 382 2566 239 29638 724 2898 266 2256 1647 2510 6.57 288.3
PHC 5.08 3104 232 3517 702 3447 952 3173 6376 3498 17.7 22.0
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general not a constant and Ray and Cartwright (1998) sug-
gest that serious errors are sustained by assuming that it is,
particularly for tidal models which do not use data assimila-
tion. Nonetheless, the choice of a constant 3 simplifies tidal
modeling, and the errors introduced by this approximation
are not overly large for most applications (Kantha and Clay-
son 2000).

The staggered Arakawa C grid was used for the vari-
able arrangement. The bottom stress components are calcu-
lated as

(F!, FYy = C, LU + V* I (U, V) 4)

where Cj, is a non-dimensional drag coefficient. According
to the formulation described in Pugh (1987), the adjusted
height of the equilibrium tide is defined as

¢ =fH.cos|w.t+(Vy+pu)+mA] 5)

where f, is the nodal factor; w, is the frequency of the corre-

sponding tidal constituent; Vj, is the initial phase angle of the
equilibrium tides; u is the nodal angle; m = 1 or 2 accounts
for the diurnal or semidiurnal constituents, respectively; 1
is longitude; subscript ¢ represents the tidal constituent; and
H, (= A, sin2¢ or A, cos’p for diurnal or semidiurnal tides,
¢: latitude) is the amplitude of the equilibrium tides mul-
tiplied by the factor 1 + k - h (k and h are Love numbers
which are the elastic response and the redistribution of the
mass of earth). Table 3 lists A,, for diurnal and semidiurnal
constituents, respectively.

The model was bounded from 99.25 to 135.25°E and
from 2.25 to 43.25°N with 1/12° horizontal resolution
(Fig. 1). The accuracy of the simulated barotropic tides de-
pended not only on the model itself and the grid resolution
but also on the accuracy of the model topography. The bot-
tom topography was established using the revised ETOPO2
(which can be downloaded at http://www.ngdc.noaa.gov/
mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOP-
0O2v2c¢/) supplemented with a 1-min depth archive in the
region of 105 - 135°E and 2.25 - 35°N provided by the Na-
tional Center for Ocean Research (NCOR) of Taiwan. The

Table 3. Parameters for calculating the adjusted height of equilibrium tides.

0O, 10.1 0.695 7.0
P, 4.7 0.706 3.3
K, 14.2 0.736 10.5
N, 4.7 0.693 3.3
M, 24.4 0.693 16.9
S, 11.4 0.693 7.9
Q, 1.9 0.695 1.3
I, 0.8 0.691 0.6
00, 0.4 0.693 0.4
2N, 0.6 0.693 0.4
1, 0.7 0.693 0.5
Vv, 0.9 0.693 0.6
L, 0.7 0.693 0.5
T, 0.7 0.693 0.5
K, 3.0 0.693 0.2
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homogeneous ocean was initially motionless. Subsequently,
the model was driven by tidal forcing and prescribed tidal
sea levels on all open-ocean boundaries through a forced
radiation condition similar to that adopted by Blumberg and
Kantha (1985) as

TRy Il e (6)

where 7 is the normal direction, C (= @ ) is the phase
speed of a shallow water gravity wave, 1,,, is the prescribed
tidal sea level on open boundaries, and 7 is a damping time
scale. The term on the right of Eq. (6) indicates damping
which tends to force # to #,, on open boundaries with a
damping time scale of 7;. According to the explanation in
Blumberg and Kantha (1985), 7, = 0 corresponds to a
clamped boundary condition for 7 in which no disturbances
are allowed to pass through the boundary. When 7} tends to
be infinity, it represents a pure radiation condition which
renders an open boundary transparent to waves propagating
in the positive n direction with phase speed C. In this study,
we adopted 7, = 120 s. A zero normal gradient condition,
d (U,V)/ dn=0, was applied to the depth-averaged tidal
current velocity on the open boundaries. The tidal sea lev-
els on open boundaries were composed using the harmonic
constants of NAO.99b at every 0.5° grid. Tidal sea levels
at grids between two successive 0.5° grids were linearly
interpolated. Fifteen tidal constituents were simulated and
analyzed individually using the model. The mass conserva-
tion is typically not a concern in tidal models, especially
the volume in a regional tidal model with open boundaries
is not necessary to be conserved at each time step. How-
ever, the mean sea level which is zero initially in a regional
tidal model may drift to a non-zero state after a long time
(> 28 days) integration due to round-off and truncation er-
rors. Thus our tidal model computed the mean sea level
anomaly and compensated this value to the sea level at each
sea grid every 15 days.

4. RESULTS AND DISCUSSION

This section presents and discusses the results of the
preliminary model runs with A,, =200 m?s™' and C;,=0.0025.
These model runs neither fine tuned nor assimilated tidal
sea levels into the model. The co-tidal charts of the principal
semidiurnal M, and diurnal K, constituents are compared
with those from NAO.99b. Figure 4 shows the spatial dis-
tribution of tidal amplitude and phase of this study and of
NAO.99b for M, and K, in our simulation domain. For M,,
the co-tidal chart derived from the model run agrees rela-
tively well with that of NAO.99b (Fig. 4a). Two amphidro-
mic points present in the Yellow and Bo Seas and one in the
Gulf of Thailand. The spatial variation of the co-phase line

indicates that the tidal wave propagated westward from the
Pacific Ocean into the East China and Yellow Seas and into
the South China Sea through the Luzon Strait. The tidal am-
plitude is magnified on the shallow East China Sea and de-
creases as the wave propagated towards the southern SCS.

However, the results of the comparison on K, are
mixed, i.e., fairly well in the Pacific Ocean and the ECS,
but rather unsatisfactorily in the SCS. Compared with
NAO.99b, tidal amplitude in the SCS is overestimated by
~100%. This is a considerable discrepancy although the ab-
solute difference in amplitude is merely ~20 cm. The lack of
energy conversion from the barotropic tides to the genera-
tion of the baroclinic tides in the Luzon Strait possibly leads
to the overestimation (Jan et al. 2007). Regardless of the
discrepancy in the SCS, the fast changing and slow vary-
ing of the phases, respectively, in the Luzon Strait and SCS
and the increase of amplitude in the SCS suggest that the
K, tide is a quasi-resonant wave. The comparison between
ours and the co-tidal charts of NAO.99b suggests the need
for fine tuning and data assimilation for better simulation of
the diurnal tides in the SCS using a 2-D model. Indeed, in
the conclusion of Jan et al. (2007), it was emphasized that a
2-D model could not simulate tidal sea levels satisfactorily
without data assimilation in a region of vigorous baroclinic
tide generation.

Since one of the objectives of this study is to improve
the accuracy of the model results around Taiwan, we assim-
ilate tidal sea levels composed from harmonic constants of
NAO.99b at deep water (depth > 200 m) and from those at
ten of the twenty tide-gauge stations (circles in Fig. 3) to the
model. The RMS discrepancies of modeled and NAO.99b-
composed tidal sea levels at the other ten of the twenty
coastal tide-gauge stations (triangles in Fig. 3) are evaluated
with the observations as below.

4.1 Sensitivity Runs for A,, and C),

Doubtlessly, the model results are affected by lateral
friction and bottom drag which are controlled by horizon-
tal eddy viscosity, Ay, and bottom drag coefficient, Cp, re-
spectively. To examine how sensitive the modeled tidal sea
levels and currents are to the variation of the two param-
eters, model runs with various A,, (from 50 to 300 m? s’
with increment 50 m? s™') but fixed Cp, (= 0.002), and various
Cp (from 0.001 to 0.003 with increment 0.0005) but fixed
Ay (=200 m? s!) were performed. The accuracy of the simu-
lated tidal sea levels and currents was evaluated with a com-
monly used parameter, the RMS difference, which considers
both amplitude and phase differences between observations
and model results, and is defined as

1/2

1 N
RMS = | o 2 (- 7fF (7
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Fig. 4. Co-tidal charts of (a) M, and (b) K, derived from basic model runs with A, =200 m> s and C, = 0.0025. Amplitudes (cm) are indicated by

a grey scale. Contours are co-phase lines in degrees.

where 7" = a, cos(wt - ¢) is modeled tidal sea level, 7’ =
apcos(wt - @) is tidal sea level composed by observed har-
monic constant (a,, and a, are modeled and observed ampli-
tudes, ¢ and ¢ are modeled and observed phases, and  is
tidal period in rad), N = integer [T (tidal period in minute)/At]
is data number in a tidal period with time interval At
(= 10 minute). Tidal sea levels obtained at the other ten of
the twenty tide-gauge stations (triangles in Fig. 3), which
are not assimilated into the model, and the depth-averaged

tidal currents at the six bottom-mount ADCP stations are
used as references for the evaluation.

The RMS difference of the tidal sea levels, averaged
over the ten tide-gauge stations, and of tidal current speed
and direction, averaged over the six ADCP stations, was
normalized by the minimum value for each constituent.
The normalized RMS difference for the three variables for
the six constituents (O,, P, K, N,, M,, and S,) were then
multiplied together, i.e., RMS, x RMS,,..; X RMS j;,,c1i0n; the
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A, and Cp, that corresponded to the minimum value of the
multiplication are, thus, the best global parameters for the
model in terms of accuracy. Figure 5 shows the A, (horizon-
tal axis) and C), (vertical axis) variations of the multiplica-
tion of the normalized RMS difference. The best values for
Ay and Cpare 150 m? s and 0.0015 ~ 0.00175, respectively.
Thus, this study adopts A, = 150 m? s and C, = 0.0015 for
further runs with the data assimilating technique to increase
the overall accuracy of the simulated tides.

4.2 Model Runs with Tidal Sea Level Nudging

To improve the accuracy of the model results, the ob-
served tidal sea levels at the ten tide-gauge stations that
were not used for the evaluation were assimilated into the
model simply through 7,., = (1 - &)y + 5°, in which "
is the modeled tidal sea level, 7° is the observed tidal sea
level and € (0 - 1) is the nudging factor: the closer the ¢ to
1, the stronger the data assimilation. We used € = 0.25 here
to retain the model physics in the lowest order. Sea levels
composed from harmonic constants of NAO.99b at depths
> 200 m were also assimilated into the model through the
formula described above by replacing #° with that com-
posed from NAO.99b.

Figure 6 shows co-tidal charts and barotropic tidal cur-
rent ellipses derived from the fine-tuned model results for
O,, P, K, N,, M,, and S,. The corresponding tidal wave
characteristics and associated dynamics of the six constit-
uents in this region have been delineated in many papers
(e.g., Yanagi and Takao 1998; Fang et al. 1999; Jan et al.
2002). Briefly, tides over the ECS shelf and the Taiwan

Strait are dominated by the semidiurnal M, constituent, and
its maximum amplitude, ~2 m, appears in the middle section
of the Taiwan Strait. The abrupt decrease in M, amplitude in
the southern Taiwan Strait has been attributed to the sudden
deepening of the topography there (Jan et al. 2004a). The
predominance of diurnal tides rather than semidiurnal tides
south of Taiwan and in the SCS is clearly seen in Fig. 6.

To quantify the dominant type of tides in the seas
around Taiwan, we calculated the form ratio (F,) which
is defined as an amplitude ratio of (O, +K,)/(M,+3S,).
It is well-known that a tidal type is classified as semidiur-
nal when 0 < F, = 0.25, as mixed dominantly semidiur-
nal when 0.25 < F, = 1.5, as mixed predominantly diur-
nal when 1.5 < F, = 3.0, and as diurnal when F, > 3.0.
Figure 7 shows the spatial variation of the form ratio, which
indicates that tides are predominantly semidiurnal in the
northern half of the Taiwan Strait, diurnal in the central
SCS, and mixed elsewhere.

Harmonic constants of the fifteen constituents derived
from carefully tuned model results were summarized into
a database (hereafter TWTIDEOS) for various applications.
Figure 8 illustrates the comparison of the mean RMS dif-
ference for the fifteen constituents calculated using tidal
sea levels composed by harmonic constants of NAO.99b,
CSR4.0 and this study. It is readily seen that the RMS dif-
ference of M, is greatly reduced as compared to that calcu-
lated from NAQO.99b and CSR4.0 (5.1 cm vs. 13.3 and 18.4
cm). The significant improvement partially results from a
better accuracy depth dataset for the ocean bottom topogra-
phy around Taiwan. The comparisons for the other constitu-
ents suggest that the RMS differences are reduced except
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for O, and J,. The RMS differences of our O, and J,, which
are 0.5 and 0.2 cm, respectively, are slightly larger than that
of NAO.99b. However, this does not affect the fact that the
accuracy of the tidal sea levels composed by TWTIDEOS
is superior to that composed by NAO.99b or CSR4.0 in the
seas around Taiwan.

Since NAO.99b and CSR4.0 do not provide harmonic
constants for the barotropic tidal currents, we merely cal-
culated the RMS difference for the U and V components
at the six ADCP stations. Table 4 lists the RMS difference
of (U, V) for O, K,, M,, and S,. The model-data differ-
ences are larger for V of O, (6.88 cm s') at WC3, U of K,
(2.52 cm s") at PHC and both U of M, (15.39 cm s') and S,
(5.86 cm s') at PHC. The largest RMS difference at station
PHC may be caused by the rapid change in bottom depth in
the northern reaches of the Penghu Channel. The consequent
truncation error in model topography is likely one of the
discrepancy sources. The discrepancy may also be caused
by the exclusion of the baroclinic tidal currents in the 2-D
model, which may affect the depth-averaged tidal current.
In reality, baroclinic tides could be generated by the strong
tidal current flowing over the steep-rising topography in the
vicinity of station PHC (see Fig. 3). Nonetheless, the rela-
tive difference at PHC is acceptable when compared with
the harmonic constants of (U, V) in Table 2. The simulated
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Table 4. RMS differences RMSy, and RMSy, (in cm s™) respectively for U and V of Oy, K, M,, and S, at the six bottom-mount ADCP stations.

0, K, M, S,

St. RMS, RMSy RMS, RMS, RMS, RMS, RMS, RMSy
WCl 1.22 0.09 0.14 1.51 0.32 3.06 0.64 1.44
wC2 1.10 0.63 0.29 0.07 2.01 438 0.55 0.83
wC3 0.34 6.88 1.02 0.53 0.68 121 0.75 0.07
WC4 0.39 1.15 1.47 0.40 2.04 1.34 0.05 0.81
EWC 0.44 0.37 1.58 0.90 2.84 2.40 1.28 1.47
PHC 2.04 0.70 2.52 0.22 15.39 1.80 5.86 2.59

tidal currents at WC1 have the largest relative error, which
may be attributed to the poor resolution of the complex local
coastal geometry.

4.3 Energetics of Barotropic Tides

Tidal energetics (i.e., barotropic tidal energy flux and
energy dissipation rate) are useful parameters for discuss-
ing the dynamics of tidal waves. The barotropic tidal energy
flux along x and y directions was calculated as 0,g(7U)
and 0,g(7V), respectively, where o, is a reference den-
sity of seawater and the angle brackets indicate the time
mean of a tidal cycle. The energy dissipation rate per unit
area due to bottom friction was calculated by the formula,
00| C.V/ U + V> (U?, V?)]. Figure 9 shows the tidal cycle av-
eraged barotropic energy flux and the associated area-inte-

grated bottom frictional dissipation rate for O, K;, M, (up-
per panel), P, N,, and S, (lower panel). As shown in Fig. 9,
the tidal waves in this region are primarily supported by the
0O,, K, and M, constituents. Among the three constituents,
M, possesses the largest energy flux, ~150 kW m™, in the
northwest Pacific Ocean, the ECS shelf and the Taiwan
Strait. The westward-propagating energy fluxes of O, and
K, are comparable in the Luzon Strait and the northern SCS,
which support barotropic tidal motion in the SCS. The en-
ergy flux shown in Fig. 9 indicates that the dominant tide
in the Taiwan Strait is a southward-propagating M,. Only
a small fraction of northward-propagating M, energy flux
turns anti-cyclonically around the southern tip of Taiwan
and then reaches the southwestern Taiwan Strait. This fea-
ture indicates that tidal characteristics in the Taiwan Strait
are controlled by the interaction between the southward-
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propagating M, wave and the abruptly deepening topogra-
phy in the southern Strait (Jan et al. 2004a) rather than by
the collision of two opposite waves proposed by Juang et al.
(2001) and Lin et al. (2001).

Figure 9 also indicates that a higher M, barotropic tidal
energy dissipation rate due to bottom friction occurs over
the shallow shoal in the southwestern Taiwan Strait, at the
northern and southern tips of Taiwan, and along the Ryukyu
Island Chain and two topographic ridges in the Luzon Strait
(Fig. 9). This aspect of the spatial distribution applies not
only for M, but also for O,, P, K;, N,, and S,. Since the bot-
tom stress and associated bottom dissipation rate depends
only on Cj and velocity [Eq. (4)], the high dissipation rate
regions expectedly locate on the shallow shelf and abrupt
topographic rise due to the conservation of flow volume
transport and around a headland such as that of the southern
and northern tips of Taiwan due to a nonlinear effect (Geyer
and Signell 1990) (see tidal current ellipses in Fig. 6). The
dissipation rate ranges between 50 to 80 MW m? (1 MW
= 10° W) in those regions for M,. In comparison with M,,
the energy dissipation due to bottom friction is quite small

(< 4 MW m?) for the other five constituents. The area-in-
tegrated mean rates of bottom dissipation in the area from
116 to 126°E and from 18 to 28°N are 0.120, 0.450, 0.399,
0.263, 22.390, and 1.103 GW (1 GW = 10° W) for O,, P,,
K., Ny, M,, and S, , respectively. It should be noted that, due
to the lack of barotropic to baroclinic tidal energy conver-
sion in a 2-D tide model, the above-mentioned dissipation
mechanism in the shallow water region cannot be regarded
as the real situation. In 3-D baroclinic tide simulations, the
barotropic to baroclinic tidal energy conversion rate can
be as high as 25% of the incident barotropic tidal energy,
e.g., in the Luzon Strait (Niwa and Hibiya 2004; Jan et al.
2008).

5. CONCLUSIONS

A 1/12°, 2-D regional barotropic tide model with an
accurate bottom topography was carefully tuned to simulate
tides of fifteen constituents (Q,, O,, P;, K;, J;, OO,, 2N,,
W, Ny, Vo, My, Ly, Ty, S,, and K,) individually in the East
Asian seas. The tidal sea levels composed by observed har-
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monic constants at ten coastal tide-gauge stations around
Taiwan were also assimilated into the model to increase the
accuracy of the simulated tidal sea levels and currents. The
RMS differences of the tidal sea levels averaged over the
other ten reference tide-gauge stations around Taiwan are
1.3,0.7,2.0, 1.6, 5.1, and 3.1 cm for the six major constitu-
ents O, P, K;, N,, M,, and S,, respectively. The most sig-
nificant improvement of the simulated tidal sea level is on
M,. For comparison, similar mean RMS differences to that
of M, at the ten reference tide-gauge stations are 13.3 cm
from NAO.99b and 18.4 cm from CSR4.0. The mean RMS
difference for each of the fifteen constituents is generally
smaller than that calculated using harmonic constants of
NAO.99b and CSR4.0. The RMS difference of barotropic
(U, V) averaged over the six bottom-mount ADCP stations
is (0.92, 1.64), (1.17, 0.61), (3.88, 2.37), and (1.52, 1.20)
cm st for Oy, K|, M, and S,, respectively. These values and
associated uncertainty are reasonable for tidal current simu-
lation. Accordingly, a database (TWTIDEOS) for tidal sea
level and current harmonic constants of the fifteen constitu-
ents is established for further applications.

The tidal energetics derived from the model results
indicate that the barotropic tidal energy in the seas around
Taiwan is primarily supported by O,, K, and M,. In com-
parison, M, possesses the largest energy flux in the north-
west Pacific Ocean, the ECS shelf and the Taiwan Strait;
while the energy fluxes of O, and K, are comparable to M,
only in the Luzon Strait and the SCS, which are the major
sources of energy supporting barotropic tides in the SCS.
The energy flux also indicates that barotropic tidal charac-
teristics in the Taiwan Strait are primarily controlled by the
southward-propagating M, wave rather than the collision of
two opposite waves in the middle reaches. The barotropic
tidal energy of all the six constituents is mostly dissipated
by bottom friction over the shallow shoal in the southern
Taiwan Strait.
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