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Abstract : The South China Sea (SCS) is a typical marginal sea characterized with the deep basin, shelf break,
shallow shelf, many straits, and complex bathymetry. This study investigated the tidal characteristics and propaga-
tion, and reproduced typhoon-induced storm surge in this region using the regional real-time tide-surge model,
which was based on the unstructured grid, resolving in detail the region of interest and forced by tide at the open
boundary and by wind and air pressure at the surface. Typhoon Haiyan, which occurred in 2013 and caused great
damage in the Philippines, was chosen as a case study to simulate typhoon's impact. Amplitudes and phases of four
major constituents were reproduced reasonably in general, and the tidal distributions of four constituents were
similar to the previous studies. The modelled tide seemed to be within the acceptable levels, considering it was
difficult to reproduce the tide in this region based on the previous studies. The free oscillation experiment results
described well the feature of tide that the diurnal tide is prevailing in the SCS. The tidal residual current and total
energy dissipation were discussed to understand the tidal and sedimentary environments. The storm-surge caused by
typhoon Haiyan was reasonably simulated using this modeling system. This study established the regional real-time
barotropic tide/water level prediction system for the South China Sea including the seas around the Philippines
through the validation of the model and the understanding of tidal characteristics.
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1. Introduction shelf. The SCS has the complex topography such as many

straits and complex bathymetry. The SCS also consists of a

The South China Sea (SCS) is a typical marginal sea deep basin with two continental shelves (approximately
characterized with the deep basin, shelf break, and shallow 55% of the total size) along the north and southwest coasts.
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Fig. 1. Overall meshes of the model domain and the detailed meshes near Tacloban City, the Philippines with the water depth. Also tide sta-

tions referred to Fang et al. (1999), University of Hawaii
(GLOSS) were marked for the tidal elevation comparison.

In the northern SCS, the SCS connects to the East China
Sea through the Taiwan Strait, and to the Pacific Ocean
through the Luzon Strait. In the southern part of the basin, it
links with the Java Sea through the Karimata Strait, and
with the Sulu Sea through several narrow channels between
the Philippines Islands (Fig. 1). The water depth exceeds
5000 m in the deep basin, whereas shelves show the shal-
low water depth less than 100~200 m.

Since engineer Davenport of the East Indies reported the
once-daily tide in the Gulf of Tonkin with observation at
Doson to Royal Society in 1687, Cartwright (2003) sum-
marized again the subsequent history of prediction practice
on the tide of the Gulf of Tonkin. Fig. 2 shows the calcu-
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Fig. 2. The synthesized tidal elevation at Hon Dau Island by Cart-
wright (2003), the prediction of tidal elevation using the
UHSLC tidal observation data and the tidal database
(NAO99).

Sea Level Center (UHSLC) and Global Sea Level Observing System

lated tidal elevation in September 2000 at Hon Dau Island.
The synthesized tidal elevation by Cartwright (2003) was
compared with the predictions using the tidal observation
data by University of Hawaiian Sea Level Center (UHSLC)
and the NAOTIDE tidal database (Matsumoto et al., 2000).

The tidal characteristics of these regions were reported in
many studies. For very complex tidal behavior in these
regions, the tides based on the observation show the similar
tidal ranges but the tide based on the numerical model is not
accurate even assimilation was forced. The hydrodynamic
modelling of the area turned out to be very difficult and
results produced so far by different investigators do not
always match (Akdag, 1996). Wyrtki (1961) analyzed the
data to produce co-tidal charts on four major tidal constitu-
ents and the figure of the classification of tides. However,
the co-tidal charts shown before the 1980s are not elaborate
over the shelf areas. The tides in the South China Sea and
the Java Sea area have been previously modelled with dif-
ferent region of interests with varying degree of reproduc-
tion (Akdag, 1996; Azmy et al., 1990; Roos, 1989; Thuy,
1968; Ye and Robinson, 1983).

According to Fang et al. (1999), the tidal currents are
very weak in the deep basin, while the tidal regime, espe-

cially the semi-diurnal tides are complex and the tidal cur-
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rents may be strong in the shelf. In addition, the complex
and steep bottom topography of the SCS has a great influ-
ence on the wind-induced circulation and the distribution,
propagation and dissipation of the tidal energy (Egbert and
Ray, 2000). Egbert and Ray (2000) suggested that the higher
frequency forcing from the tide should not be neglected in
the circulation, mass and energy transport and ecosystem
dynamics in the ocean and tidal current is a significant
energy sources for mixing. A model by DHL (Roos, 1989)
was focused on coastal zone of the Java Sea with nested
grids over the similar model boundary to our present model
but northern boundary was limited to middle part of the
South China Sea. The tidal regime of the Gulf of Tonkin
was focused on the diurnal tidal pattern with larger ampli-
tude in the north at the head of the gulf (Thuy, 1968; Manh
and Yanagi, 2000; Minh et al., 2014). Diurnal tidal regimes
are commonly microtidal, but the Gulf of Tonkin is one of
the few basins with a mesotidal, and locally even macro
tidal diurnal regimes (van Maren et al., 2004). Minh et al.
(2014) studied the dominant physical processes that charac-
terize tidal dynamics in the Gulf of Tonkin using a high-res-
olution model. Particular attention is thus given to model-
data cross-examination using tidal gauges and coastal satel-
lite altimetry and to model calibration derived from a set of
sensitivity experiments to model parameters. Cai et al.
(2006) used a three-dimensional baroclinic model to evalu-
ate the precision of the predicted tidal harmonic constants
in the South China Sea (SCS) under variable different con-
ditions; model dimensions, open boundary conditions con-
sidering the mean sea surface height, astronomical tidal
forcing, the baroclinic effect by stratifications and wind forc-
ing. The three-dimensional model with astronomical tidal
forcing and mean sea surface height at the open boundary
predicted more accuracy results on tidal harmonic constants.
The aim of this study is to understand the tidal character-
istics and propagation for the South Asian Seas covering
the South China Sea (SCS) including the Java Sea, adja-
cent marginal seas and the Philippines Sea using the high-
resolution tide-surge model forced by the equilibrium tide
and co-oscillating tide at the straits. The tide-surge simula-
tion was conducted to hindcast storm surges on the super
typhoon Haiyan (Yolanda) on November, 2013 using this
model. Results delivering tidal characteristics and propaga-
tion and the performance to predict tide-surge in the SCS
are presented and discussed. Also, some of strategies to make
the real-time barotropic forecast not only over the wide sea
area but also the specific region are discussed based on
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focusing on the specific region in very detailed fine mesh

system.

2. Numerical Simulation

A modeling technique that converts the model equations
to a discrete form and allows the computation over spa-
tially unstructured meshes has been used as a main compo-
nent of a regional ocean tide simulator that takes advantage
of more accurate representations of the coastlines, man-
made dikes, coastal structures, and topographic features.
Rather than refining the dynamic grid nesting technique to
retain the finite difference scheme, we decided instead to
adopt a finite element technique that permits more flexibil-
ity when fitting regular coastlines and allows bathymetry
with elements of an arbitrary size, shape and orientation.
The model coverage is considerably large including semi-
enclosed sea areas and Philippian Islands from 100° to 142°
east longitude and from 7° south latitude to 25° north lati-
tude. The horizontal mesh system was constructed using the
conforming Delaunay triangulation (CDT) method and the
depths in each node points are interpolated from the
GEBCO 30" bathymetry dataset. The resolution of GEBCO
dataset is coarse to describe the complex shape of topogra-
phy near the coastline, so it may cause some error in the
numerical simulation. More detailed depth data are neces-
sary for higher precision calculations. Approximate mesh
sizes in the region of interest were formulated as a few tens
of meters and the bathymetry of the tidal flat area was
described, thus enabling a detailed representation of tidal
characteristics in the tidal regime. Relatively high-resolu-
tion numerical model grid is adopted in this study compar-
ing with previous studies, for example the model grid size
of Zu et al. (2008) is about 10 km, and that of Fang et al.
(1999) is approximately 27 km. Fig. 1 shows the overall
meshes of the model domain and the detailed meshes for
Leyte Gulf and neighboring seas of Tacloban City, Philip-
pines. The total meshes consist of 197,934 vertices and
387,476 triangular elements.

For the calculation of the tide in the fine finite element
system, SELFE (A Semi-implicit Eulerian-Lagrangian Finite-
Element) model, based on unstructured grids, designed for
the effective simulation of 3D baroclinic circulation across
river-to-ocean scales, has been used. It uses a semi-implicit
finite-element Eulerian-Lagrangian algorithm to solve the
Navies-Stokes equations written to realistically address a
wide range of physical processes and of atmospheric, ocean
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and river forcings. The numerical algorithm is high-order,
and stable and computationally efficient. SELFE solves the
3D shallow-water equations, with hydrostatic and Boussin-
esq approximations, and transport equations for salt and
heat. The primary variables that SELFE solves are free-sur-
face elevation, 3D velocity, 3D salinity, and 3D temperature
of the water. Details for physical formulation are described
in Zhang and Baptista (1999) and Zhang et al. (2004).
Semi-implicit schemes are applied to all equations; the
continuity and momentum equations are solved simultane-
ously, thus bypassing the most severe stability restrictions
(e.g. CFL). A key step in SELFE is to decouple the continu-
ity and momentum equations via the bottom boundary
layer. SELFE uses an Eulerian-Lagrangian method (ELM)
to treat the advection in the momentum equation, thus fur-
ther relaxing the numerical stability constraints. The advec-
tion terms in the transport equations are treated with either
ELM or a finite-volume upwind method (FVUM), the lat-
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ter being mass conservative. In SELFE, unstructured trian-
gular grids are used in the horizontal direction, while hybrid
vertical coordinates, partly terrain-following S coordinates
and partly Z coordinates, are used in the vertical direction.
The one layer was used in vertical coordinate for the two-
dimensional tide computation in this study. The water ele-
vation determined from the estimation of the Japanese
NAOTIDE (National Astronomical Observatory) database
(Matsumoto et al., 2000) was imposed at the tidal open
boundary. NAOTIDE is a program to predict ocean tidal
height at given time and location using ocean tide model
developed by assimilating TOPEX/Poseidon altimeter data.
The short-period tide value is from 16 major constituents
and 33 minor constituents which are inferred from major
ones by interpolating or extrapolating the admittance. The
long-period tide value is from 7 major constituents and 5
nodal modulations. 18.6-year period equilibrium tide is

added to the 12 terms. Totally 62 tidal constituents are con-
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Fig. 3. Comparison of amplitude and phase of four major constituents between calculations and observations.
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sidered in this estimation of water elevation at the open
boundary. Then, the realtime ocean tide simulation for the
SCS was performed with the time step of 300 seconds. The
run length was 40 days starting from January 1st, 2009 and
the initial part of 10 days was discarded. The harmonic anal-
ysis on every node was performed during 30 days to com-
pute eight tidal constituents; M,, S,, K;, O,, N,, K,, P, and
Q,. An additional experiment using Platzman resonant iter-
ation scheme was conducted to investigate the free oscilla-
tion modes in the SCS.

For the storm surge simulation, the pressure and wind
information during the passage of the typhoon is the most
important data. Typhoon wind and pressure fields for model
input are blended the Holland (1980) typhoon model with
the ambient wind and pressure fields. The ambient fields
are computed by the NCEP data (http://rda.ucar.edu/data-
sets/ds083.2/) removing the Rankin vortex storm (Davis
and Low-Nam, 2001). In general, the meteorological data

Amplitude (K1)

f
2
o2

o
S
o _
@
E [ee] [e] o}
-
5 Co, 8
g o 00 o o
2 o 0o
E 9 ° @@8
o 9 @900 g &
00008 o0 o
[ o
& &9 00
®
o -
T T T T T T
0 20 40 60 80 100
Observation (cm)
y=0.93x, r"2=0.946, RMSE=9.51
Amplitude (O1)
o
S 4
o _|
0
g o o o
FOR ¢
k] ® o
5}
- o [elNe}
3
g o 0@6 (o]
E <7 o 9 ©
[¢] ° 00 o
o
*%
g1 @
o © o
) o
o -
T T T T T T
0 20 40 60 80 100

Observation (cm)
y=0.94x, r'2=0.912, RMSE=10.79

Fig. 3. Continued.
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of NCEP is not appropriate for the hindcast of the typhoon
wind and pressure unless correct the strength typhoon using
downscale model in the finer mesh system and bogus scheme.

3. Model Validation

Tidal elevation amplitude and phase were calculated by
the harmonic decomposition from the elevation results for
the last 30 days in the simulation. The model validation was
carried out by comparing the amplitude and phase at 118
tide stations which were used in the previous study (Fang et
al., 1999) and UHSLC. The locations of these stations are
shown in Fig. 1. Fang et al. (1999) said that the tide data
were obtained from several sources, thus the quality of
these data varies significantly. For instance, the harmonic
constants at some stations were obtained from the measure-
ments for only 1 or 2 days. The comparison was performed
using the Root Mean Square Error (RMSE) for 4 tidal con-
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stituents and the stations of outliers are excluded. The outli-
ers are determined by that the absolute value of the rate
between the distance with the mean and the standard devia-
tion over 2. Totally 94 data were compared with simula-
tions. Fig. 3 presents the comparison charts for the amplitude
and phase of 4 major constituents. The RMSE (Root Mean
Square Error) of 4 tidal constituents excluding outliers are
as follows: M, amplitude: 21.0 cm, M, phase: 25.9 degree,
S, amplitude: 8.23 cm, S, phase: 29.4 degree, K, ampli-
tude: 9.5 cm, K, phase: 20.1 degree, and O, amplitude: 10.8
cm, O, phase: 16.0 degree. The differences are attributed to
disagreement between the observation stations and calcula-
tion grid points, irrelevant bottom friction coefficients, and
the effect of shallow water depths.

4. Results and Discussion

4.1 Tide Prediction System

Fig. 4 shows the reproduced tidal distributions of major
constituents, M,, S,, K, and O, with minor constituents, N,,
K,, P, and Q,. The small figure in this figure indicates the
enlarged image of tides in Tacloban City. The tidal distribu-
tions of four major constituents are similar to the previous
studies (Cai et al., 2006; Fang et al., 1999; Zu et al., 2008).
The largest M, tide amplitude is found in the Taiwan Strait
and the large ones are found in the south of Guangdong
around Leizhou Peninsula, the northwest coast of Kaliman-
tan, south of the Indo-China Peninsula, and around the
western and southern parts of the Malay Peninsula. The
amphidromic points are shown in the shelves including
Gulf of Thailand. The S, tidal chart is similar to M, tidal
chart. The highest amplitudes of S, tide are shown near the
positions displaying the highest M, amplitude. In the case
of S, tide, the high values are also found in the southeast
coast of Kalimantan and Celebes Sea. The K, and O, tidal
charts show the amphidromic points in Gulf of Thailand
and the K, and O, tidal amplitudes are larger than S, tide.
The phase directions of semi-diurnal tides are shown in
clockwise propagation and the phase directions of diurnal
tides are shown in counterclockwise propagation at the
Gulf of Thailand. Yanagi and Toshiyuki (1998a) reported
the mechanism of clockwise phase propagation of semi-
diurnal tide and counterclockwise phase propagation of
diurnal tide at the central part of the Gulf of Thailand.

The tidal amplitudes of semidiurnal tide M, and S, are
high in the east of Leizhou Peninsula, while those of K; and
O, tides are high in the west of Leizhou Peninsula. Fang et

al. (1999) reported that the amplification of semi-diurnal
tides in the shelf sea east of the Leizhou Peninsula is much
greater that diurnal tides. This pattern was described by Cao
and Fang (1990) by means of the theory of Clarke and Bat-
tisti (1981). Both K, and O, tidal charts show the degener-
ate amphidromic system centered at the middle of Vietnam
coast. This feature is also depicted in Fang et al. (1999). The
tidal charts of four minor constituents were also obtained
from the simulation. The amphidromic points of N, and K,
constituents are shown near the positions of M, and S, con-
stituents. In addition, the spatial distribution of high or low
amplitude is similar to those of M, and S, constituents.
Maximum tidal amplitude (> 30 cm) of N, constituent is
calculated in the north-west coast of Kalimantan, and maxi-
mum one (> 10 cm) of K, are found in the same coast. The
spatial patterns of P, and Q, showing the amphidromic sys-
tem and co-tidal line are similar to K, and O, tides. Gener-
ally, the tidal amplitudes of P, and Q, constituents are less
than 30 cm and 20 cm, respectively.

4.2 Free Oscillation

We computed the tidal form factor to indentify the tidal
regime of SCS because interestingly there are the distinc-
tive tide distribution depending on tidal constituents and
regions (Fig. 4). The tidal form factor, F'is calculated as F' =
(Ag; + Ap)/(Ayp + Agy), Where A, e 18 the tidal ampli-
tude of each constituent. If F < 0.25, tides are semi-diurnal.
In the cases that F' ranges from 0.25 to 1.50 or from 1.50 to
3.0, tides are dominantly semi-diurnal or dominantly diur-
nal, respectively. If F> 3, there is diurnal tides. Fig. 5
depicts the tidal regimes in the SCS, classified by tidal form
factor, F, which was computed from modeled tidal ampli-
tudes (Fig. 4). Overall, this distribution is similar to the fig-
ure of van Maren and Gerritsen (2012) computed with the
TPXO06 ocean tide model. The difference of types between
our study and van Maren and Gerritsen (2012) is shown the
west of Luzon Island, Sulu Sea, Celebes Sea, Java Sea and
the east of Philippine Islands, however its difference is just
one grade and the type like semi-diurnal or diurnal tides is
approximately equal each other. Comparing Fig. 5 with co-
tidal charts (Fig. 4), the regions characterized by semi-diur-
nal tide are the Taiwan Strait, the east of Leizou Peninsula,
the south-east of Indo-China Peninsula, the north-west of
Kalimantan Island, Celebes Sea and Philippine Sea, espe-
cially the strong semi-diurnal tide in the Taiwan Strait. On
the other hand, the regions classed as diurnal tide are the
overall SCS excluding the regions with semi-diurnal tide,
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Fig. 5. The classification of tide computed by the tidal form factor and the power spectrum using the free oscillation experiment on 10 points.

and in particular, the very predominant diurnal tide are
shown in the Gulf of Tonkin, the west of Luzon Island, Gulf
of Thailand, Karimata Strait and a part of the Java Sea.

We had the experiment to reveal the free oscillation
modes in the SCS using Platzman resonant iteration scheme.
This experiment was also performed in the previous stud-
ies (Choi and Yuk, 2003) and the results determined the
characteristics of tide in the Yellow Sea and the free oscilla-
tion mode change due to the tidal barrier and the near-reso-
nant characteristics of the Ariake Sea.

The numerical model was run for approximately 30 days
from the initial state of the motion with the fixed elevation
of 0 m in the open boundary and the initial elevation of a
certain value, i.e., 2 m in all nodes inside. The simulated
water elevations were used to compute the free oscillation
mode. The power spectrum using the water elevation results
of the free oscillation experiment was calculated at ten
points as follows (Fig. 5): P1 inside the Gulf of Tonkin, P6
at Leizhou outside the Gulf of Tonkin, P2 and P5 inside
SCS, P3 and P4 inside the Gulf of Thailand, P9 and P10
inside Java Sea, P8 inside Celebes Sea and P9 inside Sulu
Sea. These 10 points correspond to the representative of
regions classified by tidal form factor (center of Fig. 5).
Here, water elevations were stored in at intervals of 10 min-
utes and the ones recorded for the early two days were dis-

carded for the computation of free oscillation mode.
Frequency spectra were calculated at points sampled at
0.5 degree resolution in the SCS using Fast Fourier trans-
form (FFT). Also Blackman-Turkey method, which was
applied to the Yellow Sea and the Ariake Sea in the previ-
ous studies (Choi, 1980; Yuk et al., 2011), was used for the
comparison with FFT results. The FFT results show that
generally the SCS has free oscillation with the period of
around 20 hours except the Gulf of Tonkin, the Gulf of
Thailand and the Java Sea and thus is close to the periods of
diurnal tide (P2 and P5 in Fig. 5). The Gulf of Tonkin (P1 in
Fig. 5) has the periods of around 10 hours, 20 hours and 31
hours. The periods of around 57 hours are shown in the
center of Gulf of Thailand (P4 in Fig. 5) and the periods of
around 49 hours are shown in the Java Sea (P9 in Fig. 5).
Blackman-Turkey method’s frequency spectra distribution
were different from FFT’s results, however the peak peri-
ods were quite similar to FFT’s ones on the whole region.
Zu et al. (2008) showed that the amplitude of M, tide
decreases in the SCS basin after propagating from the
Pacific Ocean through the Luzon Strait, while that of K,
tide increase remarkably. According to Zu et al. (2008), the
K, tide is amplified by the Helmholtz resonance inside the
SCS, considering that the phase and amplitude of the K,
tide are nearly constant, and based on the resonant fre-
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quency for a Helmholtz oscillator and basin shape informa-
tion (area and length) of the SCS and Luzon Strait, the
resonant period of the basin is calculated as 24.8 hours,
which is close to the diurnal tidal periods of K, (23.93 h)
and O, (25.82 h). The co-amplitude and co-phase patterns
of the S, and O, tides are similar to the M, and K, tides,
respectively. The amplitude of the S, tide is much smaller
than that of M, tide, whereas the amplitude of O, tide is
comparable to that of K, tide. O, tide also responds to
Helmholtz resonance in the SCS basin. Our study shows

Residual Current (cm/s)

that the prevailing peak periods are approximately 20 hours
in the SCS, which is comparable to Zu et al. (2008).

It is well known that the amplitude of semi-diurnal tide,
M,, is quite large in the Taiwan Strait in many studies (Cai
et al., 2006; Fang et al., 1999; van Maren and Gerritsen,
2012; Zu et al., 2008) as well as our study (Fig. 4 and 5),
thus the computed free oscillation period of 10 hours
demonstrates the near-resonant characteristics of this area
which responds to semi-diurnal tidal period.

In the Gulf of Tonkin, Minh et al. (2014) suggested that
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the resonant period of 30 hours for mode 0 (Helmholtz),
given that L (length of the Gulf of Tonkin) = 500 km and 4
(water depth) =60 m at the entrance of the Gulf of Tonkin
assuming that its basin has a rectangular type horizontally
and non-uniform depth with a constant slope vertically
(Rabinovich, 2009). If considering the Coriolis force, the
period becomes smaller, i.e., 29 hours. In addition, Minh et
al. (2014) estimated the resonant modes of this basin using
the numerical simulation that the single tidal force of O,
constituent was imposed, the forcing period varied from 4
to 56 hours and the model run length was 360 hours. The
model result showed the resonant peak was seen around a
period of approximately 29 hours. This period was very
close to the other period, i.e., 29 hours obtained assuming
the basin has a rectangular type and the constant slope and
the effect of earth rotation. Our study exhibits the free oscil-
lation period of about 30 hours in the Gulf of Tonkin, which
is nearly the same as the result of Minh et al. (2014).

Therefore, through the comparison with the earlier stud-
ies (Fang et al., 1999; Minh et al., 2014; Zu et al., 2008),
our study is able to estimate free oscillation mode accu-
rately, and thus explain reliably the near-resonant character-
istics and tidal regime of the basin determined by it.

4.3 Residual Transport

We calculated the residual currents by averaging the tidal
currents over the fortnightly tidal cycle. Here the modeled
tidal currents were obtained from the ones for the last 15
days among the tidal simulation results with the run length
of 1 month, which used the water elevation determined
from the 62 tidal constituents (NAOTIDE) as a tidal forc-
ing in the open boundary. The tidal residual currents imply
tidal circulation and influence the deposition of fine sands,
distribution of various pollutant materials and planktons
movement associated with tidal currents. In general, the
tidal residual currents are small with the range of 0~5 cm/s
inside the SCS, whereas those are relatively large outside
the SCS, i.e., the eastern side of the Philippine Islands (Fig.
6). The tidal eddies are shown in the eastern side (near
113°E 13°N) of the Indo-China Peninsula; the inside and
mouth of Gulf of Thailand; the north, northwest and south-
west (Java Sea) of Kalimantan Island; and Sulu Sea. Fig. 6
also shows zooms of tidal residual current for the Gulfs of
Tonkin and Thailand. Minh et al. (2014) shows the residual
currents from the eight tidal constituents using the Eulerian
and Lagrangian residual currents definitions in the Gulf of
Tonkin. The Eulerian residual currents calculation is the

same as our calculation, thus we compared our results with
Minh et al. (2014), even though the used tidal constituents
were different for the tidal forcing. Minh et al. (2014) pre-
sented that the residual flow was the strongest in the Hainan
Strait (~20 cm/s), and approximately 6~8 cm/s near the
southwestern and western Hainan Island. Our result shows
the strong residual current in the nearly same places as
Minh et al. (2014), but the values are smaller than them.
The count-clockwise large gyre is shown parallel to the
eastern coast of the Indo-China Peninsula. The difference
between our result and Minh et al. (2014) may come from
the differences of tidal forcings, the bottom friction and
model resolution. In the Gulf of Thailand, the residual cur-
rent ranges from 0 to 5 cm/s. The count-clockwise eddies
are shown in the entrance (near 106°E 6°N) and inside (near
101°E 12°N and 100.5°E 10°N) of the Gulf of Thailand,
while many clockwise eddies are shown along or near the
coastline of the gulf. Yanagi and Takao (1998b) presents the
magnitude of residual current is about 5 cm/s, and our result
is similar to that. In addition, the dominant clockwise resid-
ual circulation in the Gulf of Thailand was also addressed
by that study averaging tidal currents of 4 major constitu-
ents, M,, S,, K, and O, (Yanagi and Takao, 1998Db).

Here we introduced the tidal energy dissipation as an
index of assessment of tidal and sedimentary environments.
We computed the tidal energy dissipation using the simu-
lated tidal current of individual major tidal constituent, M,,
S,, K, and O, (Fig. 7). The tidal energy dissipation is esti-
mated by converting the maximum bottom shear stress
caused by the bottom friction into work per unit area. Com-
paring with tidal charts of semi-diurnal and diurnal tides
(Fig. 4), the distributions of M, and S,, and K, and O, are
similar. The maximum tidal energy dissipation (> 10* N/m)
due to M, tide is shown in the Taiwan and Malacca Straits,
small channels connecting Sulu and Celebes Seas, and
northwestern Kalimantan Island. The large tidal energy dis-
sipation of about 0.5 N/m is seen in the southeastern Indo-
China Peninsula. The pattern of tidal energy dissipation of
S, constituent is similar to that of M, tide, but the magni-
tude of S, is much smaller.

The tidal energy dissipation of diurnal tides, K, and O is
large in small channels between Sulu and Celebes Seas, the
Gulf of Tonkin, the Hainan Strait, the Gulf of Thailand, the
Karimata Strait and the Java Sea. In the Gulf of Thailand,
the Karimata Strait and the Java Sea, energy dissipation of
O, tide is distinctly smaller than that of K, tide, whereas in
the Gulf of Tonkin including the Hainan Strait, that of O,
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central location of typhoon and minimum pressure obtained
from Digital Typhoon (http://agora.ex.nii.ac.jp/digital-typhoon)
and the radius of maximum wind is estimated by Rankin
equation using the radiuses of storm and gale winds (Kim,
2015). We strengthened typhoon wind and pressure for the
model input by blending the Holland typhoon model with
the ambient wind and pressure fields. Here the ambient
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Fig. 8. Track of Typhoon 201330 (HAIYAN) and radius of maxi-
mum wind from 5 to 11 November, 2013.

fields are obtained from NCEP removing the Rankin vor-

tex storm (Davis and Low-Nam, 20

01). The central pres-
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Fig. 9. The wind and pressure fields of (a) NCEP data, (b) typhoon removed, (c) Holland model and (d) blending with (b) and (c).

sure of NCEP is approximately 100 hPa higher (week
intensity) than JMA data when the typhoon passed Taclo-
ban. Fig. 9 shows the wind and pressure fields of NCEP
data, typhoon removed, Holland model and blending.

Fig. 10 shows the comparison of water elevations observed
and simulated at five stations during the typhoon Haiyan.
The observed water elevations are obtained from GLOSS
(Global Sea Level Observing System). The significant surge
is not shown in all stations because all stations are located
afar beside the passage of typhoon. The semi-diurnal tides in
Davao is simulated closely to the observation, but the diur-
nal tides do not show high accuracy with the observation.

Fig. 11 shows the observed runup height surveyed by the

joint team of Japan Society of Civil Engineers and Philip-
pine Institute of Civil Engineers (JSCE-PICE) (Tajima et
al., 2014; Mori et al., 2014) and computed maximum surge
height in the Leyte Bay. The high runup height caused by
inundation is shown around San Pablo Bay but the numeri-
cal simulation made high surge height over 5 meter near
Tacloban only. These differences come from the simulation
conditions and wave setup. The total surge depends on wind
surface stress, inverted barometer effects, and wave forc-
ing, as well as tidal stage and bathymetry in the path of the
storm. Weaver (2004) examined the wave forcing contrib-
utes approximately 25% to 33% of the total rise in water

level generally. The simulation does not consider the inun-
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Fig. 11. The observed runup height surveyed by JSCE-PICE Typhoon Haiyan joint survey team (Tajima et al., 2014; Mori et al., 2014) and computed

maximum surge height in the Leyte Bay.

dation effect using wet-and-dry condition and cut off the
bathymetry depth to 5 meter. The high surge wave can
amplify depending on the size and bathymetry of the bay in
local area (Mori et al., 2014). The observations within 3 km
distances are drawn in the box-and-whisker error bar and

compared with time series of simulated storm surge in Fig.

12. The bottom and top of box means 25% and 75% quan-
tile with the line of median value. The minimum (0% quan-
tile) and maximum (100% quantile) of survey data are shown
in black line. Although the median runup heights are about
twice than the simulated maximum surge heights, the simu-

lated maximum surge heights are similar with the minimum
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survey runup heights in Tacloban, Basey and Javier.

5. Conclusions

The first step for the construction of the regional realtime
ocean tide and storm-surge prediction in the SCS was ful-
filled by using the fine FEM model and verifying the model
based on the comparison between the reasonably-simulated
co-tidal chart for principal constituents and time-series of
water level and the measurements. In addition, the model
results described reasonably the tidal characteristics of the
SCS in terms of free oscillation mode, tidal residual cur-
rent, and total energy dissipation.

The current study essentially aims at creating the real-

time barotropic tide/waterlevel forecast system via short

term meteorological forecast for the SCS, and will take into
account the wave setup and inundation in the future works.
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