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Abstract
A data-assimilated Taiwan Ocean Prediction (ATOP) system is being developed at the National Central University, Taiwan. The model simulates sea-surface height, three-dimensional currents, temperature and salinity and turbulent mixing. The
model has options for tracer and particle-tracking algorithms, as well as for wave-induced Stokes drift and wave-enhanced
mixing and bottom drag. Two different forecast domains have been tested: a large-grid domain that encompasses the entire
North Pacific Ocean at 0.1° × 0.1° horizontal resolution and 41 vertical sigma levels, and a smaller western North Pacific domain which at present also has the same horizontal resolution. In both domains, 25-year spin-up runs from 1988 - 2011 were
first conducted, forced by six-hourly Cross-Calibrated Multi-Platform (CCMP) and NCEP reanalysis Global Forecast System
(GSF) winds. The results are then used as initial conditions to conduct ocean analyses from January 2012 through February
2012, when updated hindcasts and real-time forecasts begin using the GFS winds. This paper describes the ATOP system
and compares the forecast results against satellite altimetry data for assessing model skills. The model results are also shown
to compare well with observations of (i) the Kuroshio intrusion in the northern South China Sea, and (ii) subtropical counter
current. Review and comparison with other models in the literature of “(i)” are also given.
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1. Introduction
The western North Pacific region is home to over
a quarter of the World’s population. Understanding and
predicting the regional weather and climate variability are
clearly of interest. The oceans play an indispensable role
in weather and climate variability. Through coupling of
the sea-surface temperatures (SST’s) and upper-ocean processes with the atmosphere, the seas moderate winter winds
and make summer heat more tolerable. The seas are also
spawning grounds for storms that affect hydrological cycles
upon which life depends, and extreme surges (due to e.g.,
storms, Tsunamis) cause human sufferings of enormous
proportions. Understanding and the ability to predict the
ocean and its interaction with the atmosphere and land are
necessary. Over long time scales: interannual, decadal and
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longer, improved understanding and prediction can lead to
better planning and management of the earth’s increasingly
scarce resources.
Major boundary currents of the western North Pacific
are the Mindanao Current and the Kuroshio (Fig. 1). These
are the southern and northern branches, respectively, of the
westward-flowing North Equatorial Current (NEC) which
carries approximately 30 ~ 60 Sv (1 Sv = 106 m3 s-1) in the
upper thermocline and which near the surface bifurcates at
approximately the 12 ~ 13°N latitude off the eastern coast
of the Philippines (Nitani 1972; Toole et al. 1988, 1990;
Qu and Lukas 2003; Kim et al. 2004; Jensen 2011). The
southward-flowing Mindanao Current transports approximately 13 ~ 33 Sv of the NEC water in the upper layer (600
~ 1000 m); it forms the Mindanao eddy, and contributes to
flow through the Indonesian archipelagos (the Indonesian
Throughflow; e.g., Lukas et al. 1991). The remaining transport, approximately 15 ~ 35 Sv, is carried northward by the
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Fig. 1. Western North Pacific Ocean’s topography (colors, in meters) and schematic sketches of major currents and regions of eddies.

Kuroshio along the eastern coast of the Philippines (Nitani
1972). Some Kuroshio water recirculates in relatively tight
anticyclonic cells east of the current in the Philippines Sea
(12 ~ 20°N), and approximately 1 ~ 5 Sv intrudes into South
China Sea (SCS) through the Luzon Strait (Qu et al. 2000).
The main Kuroshio continues northward along the eastern
coast of Taiwan and the continental slope of the East China
Sea. Estimates of the transport are 15 ~ 35 Sv east of Luzon
at 18°N (Sheu et al. 2010) just south of the Strait, approximately 21 ~ 22 Sv northeast of Taiwan (Johns et al. 2001),
and about 25 Sv at the PN-line (the East China Sea - Okinawa section near 29°N; Kagimoto and Yamagata 1997).
Localized transport increases are due to recirculating anticyclonic cells or eddies formed along the eastern side of the
Kuroshio (Nitani 1972).
Eddies of both signs are abundant in the subtropical
gyre of the western North Pacific east of Philippines and
Taiwan (Chang and Oey 2011, 2012; Chelton et al. 2011).
These eddies are generally elliptically elongated roughly in
the zonal direction with sizes of 200 ~ 500 km, and are believed to be the result of instability of the subtropical counter current (STCC; and its various branches) (Hasunuma
andYoshida 1978; Qiu 1999). The STCC front and eddies

are potentially important in modifying atmospheric winds
(e.g., Kobashi et al. 2008); through their large heat contents,
warm eddies can affect the intensity and spawning of typhoons (e.g., Lin et al. 2009).
Warm and salty Kuroshio waters intrude into the South
China Sea and East China Sea, moderating the regional climate in winter and modifying the shelf-seas’ heat, salt and
biogeochemical (e.g., nutrient and carbon) balances (Liu et
al. 2000). These variations, together with tidal, wind and river-driven currents, have important consequences to the circulation and mixing of the shelves and seas (Qu 2000; Guo
et al. 2006; Isobe 2008). Through air-sea-wave coupling,
they also alter winds, sea-surface heat and mass (evaporative and precipitation) fluxes, as well as wind waves and
swells, thereby affecting continental coastal areas as well
(Chang et al. 2010; Chiang et al. 2011).
In addition to research that can lead to basic understanding of processes, models of currents and water mass
distributions are also useful for practical applications - such
as tracking of oil-spill and pollutants, search and rescue, estimates of the flushing rates of coastal seas and bays, and
identification of locations of strong upwelling (and downwelling) frontal regions, e.g., for fish-catch.
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The ability to model and forecast the circulation and
mixing of the western North Pacific Ocean and marginal
seas is thus seen to be of interest for research and applications. This paper presents our efforts at the National Central
University (NCU) to develop an ocean prediction system
- the Advanced Taiwan Ocean Prediction (ATOP) system.
The goals are: (i) to provide regional ocean forecasts of currents, sea levels, SST’s that are accessible by the public as
well as the scientific community; and (ii) to conduct basic
research of oceanic, air-sea coupled and other related processes. This paper focuses on goal#1, and describes our attempt to build the ATOP system. To provide a more realistic
estimate of the sea state, observational data are assimilated
into the model, and a preliminary validation of the forecasts
against observations is conducted to provide estimates of
the forecast error and uncertainty; more extensive model
validations are planned in order to build confidence. The
“alpha” (test) version of the ATOP system is now operational; once a day it provides -7 day analysis and +7 day forecast
of the wind- and eddy-driven sea states for the North Pacific
Ocean, focusing on the western North Pacific (http://mpipom.ihs.ncu.edu.tw/index.php).
Section 2 describes mpiPOM - the ocean model used
for ATOP, and section 3 the forcing and observational data.
Section 4 details the specifics pertaining to ATOP: initial
and boundary conditions and various experiments and modeling strategies. Section 5 describes the data-assimilation
method and ATOP’s ±7 day analysis and forecast cycle.
Section 6 describes the methods used to access the forecast
skills. Section 7 presents the results of the forecast and skillassessment. Section 8 presents the simulated general circulation of the northwestern Pacific, and compares the seasonal variability of the model STCC eddies against satellite
data. Finally, section 9 outlines future plans and extensions,
and concludes the paper.

coordinate is used in the vertical and there is a fourth-order
scheme option to reduce the internal pressure-gradient errors (Berntsen and Oey 2010). The Mellor and Yamada’s
(1982) turbulence closure scheme is modified to include
turbulence energy due to breaking waves near the surface
(Craig and Banner 1994; Mellor and Blumberg 2004). The
Smagorinsky’s (1963) shear and grid-dependent horizontal
viscosity is used with a nondimensional coefficient = 0.1;
the corresponding horizontal diffusivity is (generally) made
5 ~ 10 times smaller. The Yin and Oey’s (2007) wind-drag
formula with high wind-speed limit is used. Various open
boundary condition options are available; those work well
are Flather (1976) radiation and flow-relaxation schemes
(see review in Oey 2010; http://www.aos.princeton.edu/
WWWPUBLIC/PROFS/PUBLICATION/OFES20101104.
pdf). Periodic and double-periodic boundary conditions
are also available for idealized simulations. Data-assimilation subroutines are also included, to assimilate satellite
altimetry (SSH anomaly) data, surface drifters, ADCP’s
and temperature and salinity data. These use simple (and
fast) statistical and/or optimum interpolation (OI) methods
(see section 4). A more sophisticated Localized Ensemble
Transformation Kalman Filter (LETKF; Hunt et al. 2007;
Miyoshi et al. 2010; Miyazawa et al. 2012) scheme is presently being tested.

2. The mpiPOM

uwb = ^~ p 2 3/2h $ ^4E 1/2h sinh ^k p $ Dh 			

ATOP uses the mpi-version (Message Passing Interface) of the Princeton Ocean Model (Blumberg and Mellor
1987); Dr. Toni Jordi implemented MPI’s into the model
(http://www.imedea.uib-csic.es/users/toni/sbpom/index.
php). The mpiPOM is an efficient parallel code and retains
most of the original POM physics. It has some new features
and incorporates some of the Princeton Regional Ocean
Forecast System (PROFS) - http://www.aos.princeton.edu/
WWWPUBLIC/PROFS/publications.html) modules, outlined below and in subsequent sections. Second-order Leapfrog time-differencing and centered-space differencing are
defaults. The centered-space differencing may be replaced
by the Smolarkiewicz (1984) iterative upstream scheme to
reduce or eliminate 2Δ-grid oscillations; 4 iterations (FORTRAN variable nitera = 4) and Smolarkiewicz weight >
0.95 (1 > sw > 0.95) work well. Terrain-following sigma-

2.1 Additional mpiPOM Modules
Wave-Enhanced Bottom Drag: A Grant and Madsen (1979)
type bottom-drag scheme is used in the bottom boundary
layer to empirically account for increased bottom roughness
due to surface gravity waves; this is especially effective
over shallow shelves and under strong wind conditions. The
wave-induced velocity near the bottom is estimated as [assume linear wave; Nielson (1992)]:
(2.1)

where ~ p is (spectral) peak frequency and kp the corresponding wave number, D = total water depth (i.e., undisturbed
3
water depth plus surface elevation), and E = #0 F ^~h d~
is the wave energy spectrum [ F ^~h = Fourier spectrum
of wave]. The 4E1/2 in Eq. (2.1) is seen to be the significant wave height Hs which is then related to the significant period Ts = 2r ^1.05~ ph and the air friction velocity
u * = C d1/2 u a by Toba’s (1972) 3/2-Power Law, where Cd1/2
is the drag coefficient to be given below [see Eq. (4.1)] and
u a is the wind speed:
^gHs u * 2 h = B $ ^gTs u * h3/2

			

(2.2)

where B = 0.062 is an empirical constant. Equation (2.1)
then becomes,
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uwb = ^r 1.05h3/2 Bg 1/2 ^u * ~ ph1/2 sinh ^k p $ Dh

(2.3)

The dispersion relation is used to relate ~ p to kp:
~ p = 6gk p tanh ^k p Dh@1/2 				

(2.4)

Knowing uwb, the following wave-enhanced bottom roughness height zo [Eq. (2.5)] is used instead of the roughness
height zob when calculating the bottom friction coefficient
Cb in POM:
zo = zob $ 61 + 0.05 ^uwb uxh2@ 			

(2.5)

where uτ = bottom friction velocity. A knowledge of kp is required. At present, the Mellor’s (2008) wave model has yet
to be incorporated into mpiPOM; the kp is therefore fixed
at 2r 200 m thus favoring high wind conditions when the
wavelengths ~ 200 m (Li et al. 2002).
Passive Tracer: This is solved in the same way as temperature or salinity, except that zero-flux condition is applied
at all boundaries; modifications to allow non-zero fluxes
across the air-sea interface are straightforward. The Smolarkiewicz (1984) iterative upstream scheme is used for the
advection terms. Multi-component tracers may be tracked,
and they are specified either as point sources (on the RHS
of the tracer equation) or directly at the release locations.
The tracers may be two-dimensional at the surface only or
three-dimensional.
Particle Tracking: Awaji et al.’s (1980) scheme is used
(Chang et al. 2011). The position of a marked particle is
tracked Lagrangianly from its position xo at time to to a new
position x = xo + Δx at time t:
x ^xo, th = xo + #t u ^xo, t l h dt l
t

o

tl

o

Us ^x, th = 3.58 # 10 - 2 $ u a $ exp 6- 3.93 ^g z h1/2 u a @

(2.7)

where ua is the wind velocity. The Stokes drift is added to
the modeled velocity when used as an option in mpiPOM
for tracking tracers and/or particles.
2.2 Model Flowchart
After initializations in which model parameters and
switches, the input grid, topography, initial (potential) temperature (T) and salinity (S) fields (from climatology or restart files) are specified, the code goes through the internal
time-stepping loop (iint = 1, iend; Fig. 2) in which various
time-dependent forcing data such as monthly climatological T/S, SST (e.g., from satellite MCSST), surface fluxes
(e.g., winds), rivers, are first prepared (interpolation). The
(original) POM algorithm then begins with the subroutine
advance.f where various interactive feedback variables between external (2d depth-averaged) and internal (3d dependent) modes are calculated and the code loops through the
external time-stepping (ient = 1, isplit) scheme ‘isplit’ times
for every one internal time step ‘iint’. The 3d-dependent
fields such as the velocity, T, S, and various turbulence variables are then time-stepped forward. Data assimilations are
then performed depending on the corresponding switches
(on or off, and how often, i.e., assimilation time intervals).
At the end of the model integration (iint = iend), NetCDF
outputs are produced. Figure 3 gives the directory structure
of a typical mpiPOM run.
3. Observational Data Used in the Model

t

o

+ #t 8 #t u ^xo, t m h dt m $ du ^xo, t l hB dt l 		

Moskowitz’s (1964) empirical (one-dimensional) spectrum
for fully-developed seas, he simplified the formula which
we rewrite below in vector form for the Stokes drift velocity:

(2.6)

The first integral on the right is seen to be the Eulerian
part, while the {·} within the second integral is the correction to the velocity field as the particle moves across
tl
Tx = #t u ^xo, tm h dtm. Similarly as tracers, multiple marked
particles can be tracked, distinguished by their initial positions. At present, the scheme is implemented to track horizontally (e.g., at the sea surface) only.
o

Stokes Drift: Inclusion of wave-induced drift (Stokes 1847)
can be important for tracking particles or tracers especially near the ocean’s surface. A simple formulation due
to Kenyon (1969) is used. The author derived the Stokes
drift Us as a double integral (in wave number space) of the
two-dimensional wave spectrum. By using the Pierson and

3.1 Topography

Model topography is from ETOPO2 which has a
2-minute resolution (~3 km; http://www.ngdc.noaa.gov/
mgg/fliers/01mgg04.html). For model resolution that is
coarser than this, care is taken to retain unresolved islands
and island groups if their summed areal coverage exceeds a
(user-specified) percentage (say 50%) of the model’s coarser cell’s area. A topographic smoother is used so that at each
cell the depth change is no more than a certain percentage
of the total water depth at that cell, i.e., ΔH/H < SLmin (= 0.2
is used here). A grid-generation FORTRAN code is used to
directly read, smooth and interpolate the global ETOPO2
data onto the user’s specified domain and grid sizes. See
Fig. 1 for the interpolated topography in the western North
Pacific domain. In the vertical, finer, logarithmically distributed sigma cells are used near the free surface and ocean’s
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Fig. 2. mpiPOM flowchart.

Fig. 3. The directory structure of a typical mpiPOM run - experiment “exp.”
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bottom, so that the first grid cell is approximately 2 ~ 3 m
below (above) the surface (bottom) in 1000 m water depth,
and the corresponding grid spacing in the middle of the water column is approximately 30 ~ 38 m.
3.2 WOA T/S Data
The grid-generation FORTRAN code reads and interpolates the World Ocean Atlas (WOA) data from NODC
(http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html)
onto the model grid. The T and S are first horizontally interpolated onto the model’s (orthogonal curvilinear) grid cells
at each WOA standard level -(1, 10, 20, 30, 50, 75, ..., 150,
200, ..., 300, 400, ..., 1500, 1750, 2000, 2500, ..., 5500) m,
then they are vertically interpolated onto the model’s sigma
cells. To avoid problems near land- (seafloor-) water edges,
land (seafloor) values are first filled with values from the
nearest water points before the vertical interpolation. The
deepest WOA values are used for model’s cells below the
deepest WOA level (= -5500 m). The WOA sea-surface
temperature and salinity (i.e., at z = 0 m) are also similarly
interpolated (horizontally only) onto the model’s grid. The
resulting twelve monthly fields are then used in the mpiPOM simulation for boundary conditions and for the purposes of relaxing the T/S fields to the observed climatology
especially in the deep portions (below z = -2000 m) of the
modeled domain.
3.3 Wind and Surface Flux Data
Three global (near-global) wind and surface-flux data
sources have been used for the various spin-up runs as
well as for the forecast runs. The first set is the Cross-Calibrated Multi-Platform (CCMP; http://podaac.jpl.nasa.gov/
datasetlist?search=ccmp; Atlas et al. 2009) product from
July/02/1987 to December/31/2009. This is a 6-hourly gridded (1/4° × 1/4°) dataset that combines ERA-40 re-analysis
with satellite surface winds from Seawinds on QuikSCAT,
Seawinds on ADEOS-II, AMSR-E, TRMM TMI and SSM/I,
as well as wind from ships and buoys. The second set is the
6-hourly NCEP 0.5° × 0.5° GFS (Global Forecast System;
http://nomads.ncdc.noaa.gov/data.php) product from 2010
through present. This GFS dataset consists of both analysis
and forecast (+7 days) data and is everyday automatically
downloaded by the ATOP system. The third dataset is the
global atmospheric reanalysis produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF).
This is a daily product at 1.5° × 1.5° resolution from 1979
through approximately the present minus 3 months; details
are given in Dee et al. (2011) (http://www.ecmwf.int/products/data/archive/descriptions/ei/index.html). For spin-up
simulations, the three datasets have been used to update
the model through December 2011. In general, the CCMP
and ECMWF give similar large-scale fields though dur-

ing the time that it is available (July/02/1987 to December/
31/2009), the higher-resolution CCMP products give more
energetic currents on the shelves and in the marginal seas.
The GFS product is used for simulations from January 2012
through present (hindcast and nowcast) and for forecasts
through present +7 days. The dataset is interpolated horizontally onto the model grid and then also temporally during the model time-stepping.
3.4 Satellite Altimeter and MCSST Data for Sea-SurfaceHeight Anomaly (SSHA)
Gridded sea-surface-height anomaly (SSHA) data is
from AVISO (http://www.aviso.oceanobs.com/duacs/). This
dataset has a temporal resolution of 7 days and spatial resolution of 1/3° × 1/3° (Le Traon et al. 1998), and is available
from October/1992 through present. This dataset is used for
data-assimilation (see section 4). Finally, SST data is from
AVHRR MCSST (AVHRR-Advanced Very High Resolution Radiometer, Multi-Channel Sea Surface Temperature;
http://gcmd.nasa.gov/records/GCMD_NAVOCEANO_
MCSST.html), which has a resolution of 0.1°. The MCSST
data may be used also for data assimilation using a similar
statistical correlation method as that used for assimilating
the SSHA in section 4. Its effects on mesoscale eddy features are relatively minor however (Yin and Oey 2007), and
we use it to relax the model’s surface temperatures using an
e-folding time constant of 1 day-1.
3.5 Other Data
Other data such as tides, rivers, surface heat and E-P
(evaporation minus precipitation) fluxes can be specified
in mpiPOM. These variables will be systematically added
into the present version of ATOP in the near future. Farther
along, we plan to add ice and sediment components as well
into mpiPOM; in which case ice concentration data as well
as coastal sediment input data will also be needed.
4. ATOP Initial & Boundary Conditions and
Other Specifics
Two different domains have been tested in the present work: a large-grid domain that encompasses the North
Pacific Ocean, 98°E - 73°W and 16°S - 70°N, at 0.1° ×
0.1° horizontal resolution and 41 vertical sigma levels (the
“Pac10” domain), and a smaller western North Pacific China Seas (WPacCS) domain 99°E - 131°W and 12°S - 42°N
which at present has the same 0.1° × 0.1° horizontal resolution but with 31 vertical sigma levels. In the near future,
the resolution of this WPacCS model will be increased:
5/3 km resolution and 61 vertical sigma levels. The North
Pacific domain is shown in Fig. 4 superimposed on an example of ATOP-simulated SST on July/06/1988. Shown are
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also other nested domains which we plan to implement in
the future.
Prior to the ATOP hindcast and forecast runs, we have
conducted over 40 non-assimilated (i.e., free-running) experiments on the “Pac10” domain. Each of these experiments uses either the ECMWF (1979 - 2011), the CCMP
(1987 - 2009), or the CCMP + GFS (1987 - 2009 + 2010
- 2011) forcing. Some experiments use steady-state mean
wind forcing, and additional idealized experiments specify
zonal mean wind only. Results of these free-running experiments will be reported separately. The present paper focuses on ATOP hindcasts and forecasts beginning in January/2012. We use one of the CCMP + GFS experiments to
initialize the forecast in January/2012. The free-running experiments are used, however, to obtain eddy statistics such
as the correlations between modeled SSHA and subsurface
temperature and salinity fluctuations (see below). These
correlations are then used in the data assimilation scheme to
be described in section 5.
Boundary conditions are zero normal flux (of any kind)
across solid boundaries. No-slip conditions (for velocity)
are specified along the land-sea boundaries.1 At the ocean’s
bottom, stresses are computed by matching the near-bottom
velocity to the law-of-the-wall logarithmic profile. Along
the open boundaries WOA climatological T and S are specified within 3°-wide (for Pac10; 1.5°-wide for WPacCS)
flow-relaxation zones (Oey and Chen 1992a, b). Transports
from SODA (Giese and Ray 2011) are specified together
with the Flather-radiation scheme. To prevent temperature
and salinity drift in deep layers in long-term integration, the
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T and S for z < -1000 m are restored to monthly climatological values with a time scale of 720 days.
At the sea-surface, the SST is relaxed to monthly
WOA values or MCSST when the latter is available using
an e-folding time constant of 1/30 day-1 for the free-running
spin-up runs and 1 day-1 for the hindcast and forecast runs
(when MCSST is then used). The SSS (sea-surface salinity)
is similarly relaxed to climatological WOA values. Future
plan will combine these relaxations with specifications of
surface fluxes (e.g., from NCEP reanalysis and GFS forecast) as described in Oey and Chen (1992a). To calculate
wind stresses, we use a bulk formula with a high wind-speed
limited drag coefficient that curve-fits data for low-to-moderate winds (Large and Pond 1981) and data for high wind
speeds (Powell et al. 2003):
C d # 10 3

= 1.2, u a

#

11 m s - 1;

= 0.49 + 0.065 u a , 11 < u a

#

19 m s - 1;

= 1.364 + 0.0234 u a - 0.00023158 u a 2, 19 < u a

#

100 m s - 1
(4.1)

where u a is the wind speed.2 According to this formula,
Cd is constant at low winds, linearly increases for moderate
winds, reaches a broad maximum for hurricane-force winds,
u a ≈ 30 ~ 50 m s-1, and then decreases slightly for extreme
winds. It is necessary to use a Cd formula that accounts for
high winds in order to simulate the ocean response due to
typhoons. Donelan et al. (2004) suggest that the Cd-leveling

Fig. 4. ATOP North Pacific domain at 0.1° × 0.1° (~10 km) horizontal resolution, and other planned nested domains at (i) 0.05° × 0.05° (~5 km) that
includes all the western North Pacific marginal seas; (ii) 0.017° × 0.017° (~5/3 km) that includes the China Seas and straits and seas in the Indonesian and Philippines archipelagos (the “WPacCS” domain); and (iii) highest resolution 555 m for the waters surrounding Taiwan. These domains are
shown superimposed on the ATOP sea-surface temperature (SST) on June/06/1988 during the developing stage of the strong 88 - 89 La Niña.

1
2

Because POM uses C-grid the zero tangential velocity is actually specified 1 2 -grid point inside the wall. The no-slip may be considered as being
2
This same formula was used in Oey et al. (2006), but the coefficient for ua was erroneously rounded off to 0.0002.

1

2

-slip.
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at high wind may be caused by flow separation from steep
waves. Moon et al. (2004) found that Cd decreases for
younger waves that predominate in hurricane-forced wave
fields. Bye and Jenkins (2006) attribute the broad Cd-maximum to the effect of spray, which flattens the sea surface by
transferring energy to longer wavelengths.
The free-running experiments are initialized from diagnostic runs in which the WOA T and S fields are held
fixed and the corresponding velocity (which in the ocean’s
interior is in near-geostrophic and thermal-wind balances);
zero surface stresses and bottom logarithmic layer are used
for these diagnostic runs. The hindcast and forecast runs begin in January/2012 and are then initialized using the result
from one of the free-running experiments. The hindcast is
relatively insensitive to the initial condition, since with data
assimilation it quickly adjusts (in about 15 ~ 20 days) to
the satellite observations. The ATOP’s real-time hindcast
and forecast cycle, to be described in the next section, then
begins on January/18/2012.
5. Data Assimilation Method and ATOP’s
Analysis-Forecast Cycle
Satellite data are assimilated into the model following
the methodology given in Mellor and Ezer (1991) and Ezer
and Mellor (1994). In this method, SSHA is projected into
the subsurface temperature field using pre-computed correlation factors derived from the long-term (20 ~ 30 years)
free-running experiments described in the previous sections
(ECMWF or CCMP + GFS). These long-term integrations
ensure that the model has yielded a statistical equilibrium
eddy field, as judged for example from the leveling-off of
the plot of basin eddy kinetic energy (EKE) with time. The
last 10-year outputs are then used to compute the correlation
factors. Thus the resulting temperature anomaly (δT) is (<·>
is time-averaging, and T is the potential temperature):
dT ^x, y, z, th = FT ^x, y, zh dho ^x, y, th 		

(5.1)

where the correlation factor is (dh = model SSHA)
FT = < dT dh > < dh2 > 			

(5.2a)

and the corresponding correlation coefficient is
CT = < dT dh > ^< dT 2 >< dh2 >h1/2

(5.2b)

Ezer and Mellor (1994) assimilate along-track dho data assuming a linear-saturation error growth model for the firstguess error. Our experience has been that if AVISO dho
maps are assimilated the following simplified formula (see

Wang et al. 2003) suffices:
T a = T + 62RA CT2 ^1 + 2RA CT2 - CT2h@ ^TO - T h 		

(5.3)

where T is the model (first-guess) temperature, Ta denotes
the analysis temperature, RA is the ratio of the assimilated
time step ΔtA to the de-correlation time scale ΔtE of the
model eddy field, and TO is the ‘observed’ temperature inferred from Eq. (5.1),
TO = < T > + FT dho 				

(5.4)

Instead of using the model mean for < T > in Eq. (5.4), our
past experience has been that setting < T > = TC, the observed temperature climatology, helps to control long-term
(~ 10 years) drift in the model. Formula (5.3) assumes that
the AVISO map errors are small compared to the model
errors, and that ΔtA << ΔtE. We set ΔtA = 1 day (Yin and
Oey 2007). The ΔtE is estimated from the above-mentioned
free-running model runs and is ≈ 20 days in western North
Pacific regions comparable to also the 20 day-value used by
Ezer and Mellor’s (1994) for the Gulf Stream, and the 30
day-value used by Yin and Oey (2007) for the Loop Current
and eddies in the Gulf of Mexico. The assimilation (5.3) is
such that Ta ≈ TO in regions where the correlation is high
(CT2 ≈ 1), but Ta ≈ T where the correlation is low. Yin and
Oey (2007) also use a similar assimilation of SST using
Eq. (5.3) with CT and FT replaced by the corresponding functions that use d(SST) in place of dh in Eq. (5.2). However,
in this work, a simpler method is used in which the SST is
relaxed to MCSST as described previously. The assimilation is turned off for isobaths < 1000 m and in the relaxation
zones next to the open boundaries. Over the shelves, then,
flow dynamics are purely wind-driven (and tide- and riverdriven if these are also included).
Figure 5 shows plots of CT at three z-levels in the North
Pacific. The CT is large (> 0.7) in the Kuroshio and northern
South China Sea regions, as well as in some parts of the
North Pacific. The relatively large values near the southern
boundary are an artifact of the relaxation zone used there,
but they do not affect the results since there is no data assimilation in the relaxation zones. The values are larger than
0.5 in the Philippines Sea. Figure 6 shows typical profiles
of area-averaged CT in the northern South China Sea and
around Taiwan. The CT is larger near the surface, and then
decays with depth. Its maximum is typically just below the
surface, away from the wind-driven Ekman layers (c.f. Mellor and Ezer 1991).
Figure 7 shows ATOP’s real-time hindcast and forecast cycle. Each day at specified times, the ATOP system
automatically downloads satellite SSHA and MCSST data,
as well as the GFS surface flux data. A hindcast/nowcast

Advanced Taiwan Ocean Prediction System

1/2
2
2
Fig. 5. The correlation coefficients CT = < dT dh > ^< dT > < dh >h at three different levels.
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1/2
2
2
Fig. 6. Vertical profiles of the correlation coefficients CT = < dT dh > ^< dT > < dh >h averaged over the three regions in the northern South
China Sea and around Taiwan.

(a)

(b)

Fig. 7. ATOP (a) flowchart and (b) hindcast (i.e., analysis) and forecast ±7 day cycle.
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analysis is then conducted from -7 day to present to update
the initial condition (the “restart” file) for forecast. A +7 day
ocean forecast is then conducted using the +7 day GFS atmospheric forecast wind field. Since the eddy field changes
relatively little in +7 days, we plan to extend the forecast beyond the +7 day period using the climatological wind field
in the near future.

To assess model skill, we compare modeled and observed (i.e., AVISO) SSH (h) fields using various metrics.
First we evaluate how well eddy fields are simulated at a
given time. We split h into two components: a large-scale
(i.e., “smoothed”) <h> and a small-scale h’:
(6.1)

We define the smoothing operator < F > for the variable ‘F’
to be a simple spatial averaging over P° × Q° (longitude ×
latitude) rectangles:
< F > = / P # P^Fh P # P = / i = 1, N^Fh N 		

scales smaller than (approximately) P° (Fig. 8).
6.1 RMS
The root mean squared error RMS is then:
RMS h = 6/ i ^ho, i - hm, ih2 N@ = 6< ^ho, i - hm, ih2 >@1/2
1/2

= 6^< ho > - < hm >h2 + < ^ho \ - hm \h2 >@1/2

6. Methods of Analysis: For Assessing
Forecast Skills

h = < h > + h\ 					
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(6.2)

and for simplicity we have taken P° = Q°. The ‘i’ is a running index from 1 through N which is the total number of
points in each rectangle (square). For F = h, the h\ then is
the deviation from the mean SSH within each square: it represents the deformation of the sea surface due to eddies with

(6.3)

The second form shows that the squared RMS error of the
total h (i.e., RMS h2 ) is the sum of the squared differences
of the mean and the eddy fields. Equation (6.3) suggests that
we define the RMS for the eddy field as:
RMS h \ = 6< ^ho \ - hm \h2 >@1/2 			

(6.4)

6.2 Correlation
We define correlation in each P° × Q° rectangles; by
the definition of correlation:
Ch h = Corr ^ho, hmh = Corr ^ho \, hm \h 		

(6.5)

o m

The smallness of RMS h and RMS h \ , and high Ch h (≈ +1)
suggest good hindcast and forecast.
o m

7. Forecast Results
An example of the forecast results (SSH and surface

Fig. 8. Large scale field (large blue transparent circle) < h > has scales ~P (or Q), while eddy field (red and blue filled circles) h\ has scales < P, =
P/5 shown here. At any point, h = < h > + h\ and h\ is therefore the deviation of SSH from a large-scale field < h > that gently varies in space.
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currents) for May/28/2012 are shown in Fig. 9, and the
corresponding RMS error RMS h \ and correlation Ch h are
shown in Fig. 10. There are visual correspondences between the two fields - for example in South China Sea and
off the eastern coast of Taiwan and Philippines. The model
appears to underestimate the strengths of eddies and their
spatial scales. These underestimations are expected as the
model resolution is still relatively coarse. Some additional
sensitivity experiments with model parameters may also be
needed. Nonetheless, the correlations between forecast and
AVISO ranges from 0.4 ~ 0.8 in deep-water regions where
also the RMS errors are generally less than 0.1 m (≈ twice
the standard error of the altimetry measurements). Winddriven variability, which the model simulates, dominates
over the shelves, and the agreements between model and
AVISO are poor over these shallower waters. This is because AVISO has large errors there and is not expected to
account for the wind-driven currents.
The results of these ATOP forecasts and error analyses
are updated daily on our website: http://mpipom.ihs.ncu.
edu.tw/index.php. Forecasts on both the Pac10 North Pacific domain, as well as on the WPacCS (western North Pacific
China Seas) domain are posted, and the reader is welcome
to browse and download the corresponding plots. Forecast
products which may be useful during the typhoon season
are SST and the depth of 26°C isotherm (D26); the latter
o m

(a)

provides a measure of the upper-ocean heat content that is
potentially available to fuel tropical cyclones (see e.g., Oey
et al. 2006, 2007, where other references are also found).
Figure 11 shows ATOP SST and D26 on August/03/2012.
In the region east of the Philippines, between 10 ~ 20°N and
west of the dateline, the D26 exceeds 100 m, and SST >
30°C. East of Taiwan, the D26 exceeds 50 m, and large
D26-values extend along the Kuroshio over the East China
Sea continental slope and outer shelf, and also into the entire
SCS. These values suggest that, in 2012 typhoon season, the
D26 may be anomalously deeper than climatology in most
parts of the western North Pacific (see, e.g., Lin et al. 2008,
their Fig. 2).
8. Simulated General Circulation, Kuroshio Intrusion into SCS, and the STCC
To close this paper, we present some results obtained
from the unassimilated, free-running mpiPOM. We begin
by describing the model’s results in the equatorial region
(Fig. 4); the model response here develops very quickly,
within 1 year after the model’s initialization. Figure 4 shows
the modeled SST in June of 1988 during the developing
stage of the strong 88 - 89 La Niña. Over the eastern equatorial Pacific, surface waters as cold as 19°C can be seen
to emanate from the central South American (Peruvian)

(b)

Fig. 9. An example of ATOP forecast SSH and surface (u, v) on May/28/2012 (a), and comparison against AVISO SSH and geostrophic (u, v) on
the same date (b). For the latter, the geostrophic (u, v) vectors near the equator are omitted. On both plots, purple vectors are winds which for (a) are
GFS +7 day forecast for May 28 while for (b) they are updated GFS wind analysis for the same day - they are slightly different.
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Fig. 10. RMS error ( RMS h \ , color, blank areas are for values less than 0.1 (twice the standard error of altimetry measurements), and they are not
plotted) between ATOP forecast SSHA and AVISO SSHA, and correlation (Chohm , contours) between them on May/28/2012.

Fig. 11. Forecast SST (°C; color) and depth of T = 26°C (contours: 50, 100, 150 m) on August/03/2012.
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coast to central Pacific as far west as the dateline. In the
model, these processes are forced by the anomalously
strong upwelling-favorable wind along the Peruvian coast
and the equatorial trade wind (Philander et al. 1989). The
simulated SST patterns and numerical values agree well
with observation (http://www.pmel.noaa.gov/tao/elnino/lanina-story.html#). Tropical instability waves are also seen
on both sides of the cold SST tongue, with wavelengths of

approximately 1000 km (Legeckis 1977; Philander et al.
1986; Willett et al. 2006).
The unassimilated run was initialized from a 22-year
(1988 - 2009) forced by the CCMP wind, and then repeated
for another 11 years. The last 8-year (1991 - 1998) is used
below. Figure 12a shows model mean (8-year: 1991 - 1998)
near-surface currents and temperature from which various
features of the western North Pacific and equatorial Pacific

(a)

(b)

Fig. 12. Modeled mean T (°C, color) and (u, v) vectors at z = -25 m for (a) southwestern North Pacific including straits in the Indonesian and Philippines archipelagos; and (b) the STCC region [rectangle in (a)] shown for vectors with eastward zonal component only; note change in vector scale
from (a).
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are seen (see the Introduction; also Myers and Weaver 1996;
Qiu 1999; and Chang and Oey 2012 and references cited
therein). These include: (i) westward-flowing NEC that bifurcates near the 12 ~ 13°N latitude off the eastern coast
of the Philippines; (ii) the Mindanao (anticlockwise) and
Halmahera (clockwise) “twin” eddies off the PhilippinesIndonesian archipelagos; (iii) the eastward North Equatorial
Counter Current (NECC) near 5°N latitude; (iv) the New
Guinea Coastal Current (NGCC) that flows west-northwestward along the New Guinean coast; (v) Pacific-Indonesian
Throughflow that flows into the Makassar Strait; and (vi)
the Kuroshio that flows northward along the eastern coasts
of Philippines and Taiwan, along the East China Sea continental slope, and finally separating off the eastern coast of
Japan.
We now focus on two circulation features of the western North Pacific (i) northern South China Sea, and (ii) the
STCC. We compare the model results against observations
and models in the literature, as well as against satellite observations.
8.1 Northern South China Sea Circulation
Part of the Kuroshio intrudes into the northern SCS
through the Luzon Strait at approximately the 20 ~ 21°N,
which is also approximately the latitude at which nearsurface drifters tend to intrude into SCS (Centurioni et
al. 2004). An excellent description is given by Hsueh and
Zhong (2004). A tongue-like patch of warm water is seen
(Fig. 12a) to spread westward over the upper continental
slope of the northern SCS, similar to the β-plume that is
seen in the model of Sheremet (2001). The intruded flow
reaches westward to 118°E (east of the Dongsha Island at
20.7°N, 116.7°E), before turning northward and then northeastward following the shelfbreak. This description agrees
well with Liang et al’s (2003) 10-year composite of Shipboard ADCP measurements (their Figs. 4 and 12). The modeled anticyclonic eddy has a maximum speed of ≈ 0.3 m s-1
on its northern (i.e., shoreward) side, which compares well
with the Liang et al.’s observed speeds (see their Fig. 4).
The shelfbreak current extends west to the Hainan Island
(19°N, 110°E), and Hsueh and Zhong (2004) named the
portion west of Dongsha the South China Sea Warm Current (SCSWC). The authors also pointed out the existence of
the westward-flowing splinter current (the South China Sea
Branch of Kuroshio or SCSBK) which lies further offshore
over the upper continental slope. In Fig. 12a, this SCSBK
is shoreward of the northern arm (westward-flowing along
19°N) of the annual-mean SCS cyclonic gyre (Qu 2000).
The SCSBK appears to feed the SCSWC, presumably by
onshore flow forced by the along-slope pressure gradient resulting from the tongue-like patch of warm water mentioned
above (Hsueh and Zhong 2004). In the model, the SCS gyre
appears to be separate from the Kuroshio intrusion.
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Consistent with the Hsueh and Zhong’s (2004) account
based on in situ measurements, summarized above, many
models in the literature also reproduce the anticyclonic turning of the Kuroshio intruded flow, of varying intrusion distances and eddy strengths. Table 1 summarizes the results in
terms of the Kuroshio’s intrusion turning longitude (KuITL)
and the eddy’s maximum speed Ueddy which usually occurs
along the shelfbreak. Most models show the Kuroshio intruded flow with KuITL ≈ 118°E. Two exceptions are Gan
et al’s (2006) POM and Jia and Chassignet’s (2011) dataassimilated HYCOM run which basically show no intruded
flow: the modeled Kuroshio shows only a small-amplitude
clockwise turn in the Luzon Strait. Their results appear to be
consistent with Maximenko and Niiler’s (2005) 1/2°-dataset
but differ from Rio’s (2009) 1/4°-dataset as well as Liang et
al’s (2003, 2008) Sb-ADCP composites. Other studies using
satellite observations show intruded flow but do not show
the anticyclonic eddy (e.g., Nan et al. 2011). However, satellite observations themselves are prone to large errors over
the shallow shelves (which Nan et al. correctly excluded, for
H < 200 m), thus making it difficult to infer the geostrophic
current associated with the shelfbreak portion of the eddy.
The Ueddy is also fairly consistent amongst the models, approximately 0.3 m s-1 as observed by Liang et al. (2003,
2008). The exceptions are Metzger and Hurlburt (2001) and
Chern and Wang (2003) whose values are weaker ≈ 0.1 m s-1,
and Hsin et al. (2012) whose value is strong ≈ 0.9 m s-1.
8.2 The STCC
Observations have shown that, east of Taiwan and the
Luzon Strait, at approximately 19 ~ 25°N latitudes, a weak
(a few cm s-1) and shallow (near the surface approximately
100 m) eastward current penetrates into the open Pacific for
thousands of kilometers, from 130 ~ 180°E. The STCC was
first predicted by Yoshida and Kidokoro (1967a, b) and subsequently confirmed by numerous observations (e.g., White
et al. 1978). The STCC exists in a region where one would
normally expect sluggish westward flow of the Sverdrup’s
anticyclonic gyre. More recent observations show the existence of multiple (3) subtropical fronts, between 19 ~ 21°N
and also 21 ~ 24°N, as well as along 26°N further east of
170°E (Aoki et al. 2002; Kobashi et al. 2006). STCC and
eddies play an important role in the Kuroshio transport and
intrusion into the SCS; it may also play an important role
in the western North Pacific climate (Chang and Oey 2012,
and references quoted therein). For a circulation model of
the western North Pacific to be useful, it is necessary that
STCC exists in the model.
The existence of multiple-front STCC is seen in the
mpiPOM simulation (Fig. 12b). Two fronts are seen west of
170°E, one at 19 ~ 21°N and another one at 21 ~ 24°N, and
a third front is seen at 26°N east of 170°E, in good agreements with the observations. The model fronts are stronger

Oey et al.

152

Table 1. Kuroshio’s intrusion (clockwise) turning-longitude (KuITL; °E) measured at 21°N in the northern South China Sea and the eddy’s maximum speed (Ueddy; m s-1), from literature and from this study (last entry). Speeds are read from the indicated figures of the quoted references, and are
very approximate. The 1st 5 entries (shaded) are observations; remaining entries are models. Except for 1/12° HYCOM (Jia and Chassignet 2011)
which assimilates altimetry SSHA (and other observations), all other models are without assimilation. MDT = Mean Dynamic Topography. Most
values are long-term (years) or composite mean, but some are shorter-term mean (e.g., Liang et al. 2008).
Ueddy
(m s-1)

KuITL
(oE)

Liang et al. (2003) (Figs. 4, 12)

0.3

118

10-yr Sb-ADCP’s (z = -30 m)

Liang et al. (2008) (Fig. 1)

0.3

118.5

15-yr Sb-ADCP’s (z = -30 m)

Jia and Chassignet (2011) (Fig. 1a)

N/A

119.5

1/2° MDT, from Maximenko and Niiler (2005)

Jia and Chassignet (2011) (Fig. 1b)

N/A

118 ~ 119

Nan et al. (2011) (Fig. 1b)

N/A

118

Metzger and Hurlburt (2001) (Fig. 2)

0.1

118.5

Yang et al. (2002) (Figs. 3, 6)

0.3

116 ~ 118

1/2° POM (surface 300m depth-averaged)

Chern and Wang (2003) (Fig. 6)

0.1

118

1/5.5° Semtner-Mintz (1977) (z = -37.5 m)

Hsueh and Zhong (2004) (Fig. 2)

0.4

117.5

Qu et al. (2004) (Fig. 2)

0.2

118

Xue et al. (2004) (Fig. 5)

0.3

117 ~ 118

Gan et al. (2006) (Fig. 5)

N/A

119.5

1/10° POM (surface); no discernible westward flow

Jia and Chassignet (2011) (Fig. 1c)

N/A

119.5

1/12° HYCOM w/assimilation; KuITL based on SSH

Jia and Chassignet (2011) (Fig. 1d)

N/A

118 ~ 119

1/4° POCM; KuITL based on SSH

0.5, 0.3

115, 119

1/4° MICOM (z = -50 m); values are for June and December;

0.9

118

0.3, 0.2

118, 118

References (Figure#)

Liang et al. (2008) (Fig. 11)
Hsin et al. (2012) (Fig. 4)
This study (Fig. 11a)

in summer than in winter, as demonstrated in Figs. 13a
and b for March and September respectively. Both show a
meandering STCC, but the amplitude is larger in summer
(Fig. 13b) with stronger speeds. The meanders are signatures
of STCC eddies (Qiu 1999) which also tend to be stronger
in summer. The model also indicates that the southern front
is more distinct in summer; its intensity especially west of
approximately 140°E appears to be related to the movement
of the NEC. The northern front is also stronger in summer,
and it tends to coalesce with the eastern front east of 170°E.
Figures 14a and b show the sectional plots of temperature
and zonal velocity from model and observation at 137°E. In
observation (Fig. 14b), the STCC appears smooth with only
one front, probably because only 4 surveys per year were
taken, and features are smoothed out after averaging from
1993 - 2008. In the model, two fronts are discernible in this
8-year mean plot. The modeled STCC’s location, width and
vertical extents are nonetheless consistent with the observation. Figures 14b and c show the same sectional plots for

Comments

1/4° MDT, from Rio (2009)
1/4° AVISO; shelfbreak currents cannot be computed
1/8° NLOM (1st layer values, thickness = 80 m)

1/6° Bryan-Cox (values are depth-averaged currents)
1/4° MOM (z = -100m)
1/10° POM (surface 200 m depth-averaged)

1/8° POM (z = -100 m)
1/10° mpiPOM (z = -25 m, -100 m figure not shown)

model’s monthly means in March and September, respectively (corresponding to Figs. 13a and b). These show that
in winter (Fig. 14c), cooler waters occupy the near-surface
100 m and the 24 ~ 26°C isotherms thicken in the region
between 17 ~ 23°N. The NEC shifts northward during the
positive phase of the so called seasonal PTO that we previously described (Chang and Oey 2012; see their Fig. 2
and discussions), when the windstress curl distribution is
such that surface convergence tends to strengthen in the latitudes of 17 ~ 23°N. Only one front then exists. In summer
(Fig. 14d), the near-surface waters become warm, NEC
shifts southward, isotherms shallow, and multiple fronts
form (Fig. 14d). In addition to NEC, these descriptions
need to be further analyzed in a future study in connection
also with the southward progression of the mode waters
(Kubokawa and Inui 1999; Aoki et al. 2002), as well as with
the seasonal (and interannual) eddy variability of the STCC.
The point here is that realistic subtropical front(s) exist in
the ATOP simulation, and this is significant given the im-
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portance of the STCC and eddies to the circulation of the
western North Pacific and its marginal seas (Chang and Oey
2012). We plan in the near future to conduct more extensive
sensitivity experiments to further understand and quantify
their dynamics.
9. Conclusions and Future Plans
A Taiwan ocean prediction system (ATOP) has been
developed and since February 2012 has produced real-time
forecasts of the wind and eddy-driven ocean circulation
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fields in the North Pacific Ocean and the seas around Taiwan. Forecast products are updated daily, and are available
from http://mpipom.ihs.ncu.edu.tw/index.php. This paper
describes details of the ATOP system and preliminary validations against satellite observations. To further examine
model’s fidelity, we also compare the unassimilated model
results with those available in the literature and also with
AVISO data. The free-running model captures many wellknown circulation features of the western North Pacific. In
particular, the northern SCS circulation that results from the
Kuroshio intrusion through the Luzon Strait compares well

(a)

(b)

Fig. 13. Modeled monthly mean T (°C, color) and (u, v) vectors at z = -25 m for the STCC region (rectangle in Fig. 12a) shown for vectors with
eastward zonal component only, for (a) March, and (b) September.
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(a)

(b)

(c)

(d)

Fig. 14. Mean temperature (contours; °C) and zonal velocity (color; cm s-1) for (a) model and (b) observation from Japan Meteorological Agency
repeat hydrographic surveys of 1993 - 2008; 4 surveys per year at the nominal 1° latitude spatial resolution, from Qiu and Chen (2010). The geostrophic velocity in (b) is referenced to 1000 dbar and dashed lines denote the zero velocity contours. Bottom panels show model monthly mean
plots for (c) March and (d) September.

with available long-term observations, and is generally consistent with many existing model results. Finally, the freerunning model can simulate the STCC and eddies.
In the near future, we plan to incorporate tides and rivers into the model, and to incorporate other observational
data for assimilations, e.g., ARGOs and drifters. More comprehensive skill assessments are also being planned, as well
as implementations of more sophisticated data-assimilation
schemes.
Acknowledgements We gratefully acknowledge the supports by the Foundation for the Advancement of Outstanding Scholarship, the National Science Council, the Ministry
of Education, and the National Central University, Taiwan.
References
Aoki, Y., T. Suga, and K. Hanawa, 2002: Subsurface subtropical fronts of the North Pacific as inherent boundaries in the ventilated thermocline. J. Phys. Oceanogr.,

32, 2299-2311, doi: 10.1175/1520-0485(2002)032<22
99:SSFOTN>2.0.CO;2. [Link]
Atlas, R., R. N. Hoffman, J. Ardizzone, M. Leidner, and J. C.
Jusem, 2009: Development of a new cross-calibrated,
multi-platform (CCMP) ocean surface wind product.
AMS 13th Conference on Integrated Observing and Assimilation Systems for Atmosphere, Oceans, and Land
Surface (IOAS-AOLS).
Awaji, T., N. Imasato, and H. Kunishi, 1980: Tidal exchange through a strait: A numerical experiment using
a simple model basin. J. Phys. Oceanogr., 10, 14991508, doi: 10.1175/1520-0485(1980)010<1499:TETA
SA>2.0.CO;2. [Link]
Berntsen, J. and L. Y. Oey, 2010: Estimation of the internal
pressure gradient in σ-coordinate ocean models: Comparison of second-, fourth-, and sixth-order schemes.
Ocean Dyn., 60, 317-330, doi: 10.1007/s10236-009-0
245-y. [Link]
Blumberg, A. F. and G. L. Mellor, 1987: A description of a
three-dimensional coastal ocean circulation model. In:

Advanced Taiwan Ocean Prediction System

Heaps, N. S. (Ed.), Three-Dimensional Coastal Ocean
Models, American Geophysical Union, Washington,
DC, 1-16.
Bye, J. A. T. and A. D. Jenkins, 2006: Drag coefficient reduction at very high wind speeds. J. Geophys. Res.,
111, C03024, doi: 10.1029/2005JC003114. [Link]
Centurioni, L. R., P. P. Niiler, and D. K. Lee, 2004: Observations of inflow of Philippine Sea surface water into
the South China Sea through the Luzon Strait. J. Phys.
Oceanogr., 34, 113-121, doi: 10.1175/1520-0485(20
04)034<0113:OOIOPS>2.0.CO;2. [Link]
Chang, Y. L. and L. Y. Oey, 2011: Interannual and seasonal
variations of Kuroshio transport east of Taiwan inferred
from 29 years of tide-gauge data. Geophys. Res. Lett.,
38, L08603, doi: 10.1029/2011GL047062. [Link]
Chang, Y. L. and L. Y. Oey, 2012: The Philippines-Taiwan
Oscillation: Monsoonlike interannual oscillation of the
subtropical-tropical western North Pacific wind system
and its impact on the ocean. J. Climate, 25, 1597-1618,
doi: 10.1175/JCLI-D-11-00158.1. [Link]
Chang, Y. L., L. Y. Oey, C. R. Wu, and H. F. Lu, 2010:
Why are there upwellings on the northern shelf of Taiwan under northeasterly winds? J. Phys. Oceanogr.,
40, 1405-1417, doi: 10.1175/2010JPO4348.1. [Link]
Chang, Y. L., L. Y. Oey, F. H. Xu, H. F. Lu, and A. Fujisaki,
2011: 2010 oil spill: Trajectory projections based on
ensemble drifter analyses. Ocean Dyn., 61, 829-839,
doi: 10.1007/s10236-011-0397-4. [Link]
Chelton, D. B., M. G. Schlax, and R. M. Samelson, 2011:
Global observations of nonlinear mesoscale eddies.
Prog. Oceanogr., 91, 167-216, doi: 10.1016/j.pocean.
2011.01.002. [Link]
Chern, C. S. and J. Wang, 2003: Numerical study of the
upper-layer circulation in the South China Sea. J.
Oceanogr., 59, 11-24, doi: 10.1023/A:1022899920215.
[Link]
Chiang, T. L., C. R. Wu, and L. Y. Oey, 2011: Typhoon KaiTak: An ocean’s perfect storm. J. Phys. Oceanogr., 41,
221-233, doi: 10.1175/2010JPO4518.1. [Link]
Craig, P. D. and M. L. Banner, 1994: Modeling wave-enhanced turbulence in the ocean surface layer. J. Phys.
Oceanogr., 24, 2546-2559, doi: 10.1175/1520-0485(19
94)024<2546:MWETIT>2.0.CO;2. [Link]
Dee, D. P., S. M. Uppala, A. J. Simmons, P. Berrisford, P.
Poli, S. Kobayashi, U. Andrae, M. A. Balmaseda, G.
Balsamo, P. Bauer, P. Bechtold, A. C. M. Beljaars,
L. van de Berg, J. Bidlot, N. Bormann, C. Delsol, R.
Dragani, M. Fuentes, A. J. Geer, L. Haimberger, S. B.
Healy, H. Hersbach, E. V. Hólm, L. Isaksen, P. Kållberg, M. Köhler, M. Matricardi, A. P. McNally, B. M.
Monge-Sanz, J.-J. Morcrette, B.-K. Park, C. Peubey,
P. de Rosnay, C. Tavolato, J.-N. Thépaut, and F. Vitart, 2011: The ERA-Interim reanalysis: Configuration
and performance of the data assimilation system. Q. J.

155

R. Meteorol. Soc., 137, 553-597, doi: 10.1002/qj.828.
[Link]
Donelan, M. A., B. K. Haus, N. Reul, W. J. Plant, M. Stiassnie, H. C. Graber, O. B. Brown, and E. S. Saltzman,
2004: On the limiting aerodynamic roughness of the
ocean in very strong winds. Geophys. Res. Lett., 31,
L18306, doi: 10.1029/2004GL019460. [Link]
Ezer, T. and G. L. Mellor, 1994: Continuous assimilation of
Geosat altimeter data into a three-dimensional primitive equation Gulf Stream model. J. Phys. Oceanogr.,
24, 832-847, doi: 10.1175/1520-0485(1994)024<0832:
CAOGAD>2.0.CO;2. [Link]
Flather, R. A., 1976: A tidal model of the northwest European continental shelf. Mem. Soc. R. Sci. Liege, 6,
141-164.
Gan, J., H. Li, E. N. Curchitser, and D. B. Haidvogel, 2006:
Modeling South China Sea circulation: Response to
seasonal forcing regimes. J. Geophys. Res., 111,
C06034, doi: 10.1029/2005JC003298. [Link]
Giese, B. S. and S. Ray, 2011: El Niño variability in simple
ocean data assimilation (SODA), 1871-2008. J. Geophys. Res., 116, C02024, doi: 10.1029/2010JC006695.
[Link]
Grant, W. D. and O. S. Madsen, 1979: Combined wave and
current interaction with a rough bottom. J. Geophys.
Res., 84, 1797-1808, doi: 10.1029/JC084iC04p01797.
[Link]
Guo, X., Y. Miyazawa, and T. Yamagata, 2006: The Kuroshio onshore intrusion along the shelf break of the East
China Sea: The origin of the Tsushima warm current.
J. Phys. Oceanogr., 36, 2205-2231, doi: 10.1175/JPO
2976.1. [Link]
Hasunuma, K. and K. Yoshida, 1978: Splitting of the subtropical gyre in the western North Pacific. J. Oceanogr. Soc. Jpn., 34, 160-172, doi: 10.1007/BF02108654.
[Link]
Hsin, Y. C., C. R. Wu, and S. Y. Chao, 2012: An updated
examination of the Luzon Strait transport. J. Geophys. Res., 117, C03022, doi: 10.1029/2011JC007714.
[Link]
Hsueh, Y. and L. Zhong, 2004: A pressure-driven South
China Sea Warm Current. J. Geophys. Res., 109,
C09014, doi: 10.1029/2004JC002374. [Link]
Hunt, B. R., E. J. Kostelich, and I. Szunyogh, 2007: Efficient data assimilation for spatiotemporal chaos: A local ensemble transform Kalman filter. Physica D, 230,
112-126, doi: 10.1016/j.physd.2006.11.008. [Link]
Isobe, A., 2008: Recent advances in ocean-circulation research on the Yellow Sea and East China Sea shelves.
J. Oceanogr., 64, 569-584. doi: 10.1007/s10872-0080048-7. [Link]
Jensen, T. G., 2011: Bifurcation of the Pacific North Equatorial Current in a wind-driven model: Response to climatological winds. Ocean Dyn., 61, 1329-1344, doi:

156

Oey et al.

10.1007/s10236-011-0427-2. [Link]
Jia, Y. and E. P. Chassignet, 2011: Seasonal variation of
eddy shedding from the Kuroshio intrusion in the Luzon Strait. J. Oceanogr., 67, 601-611, doi: 10.1007/s10
872-011-0060-1. [Link]
Johns, W. E., T. N. Lee, D. Zhang, R. Zantopp, C. T. Liu,
and Y. Yang, 2001: The Kuroshio east of Taiwan:
Moored transport observations from the WOCE PCM-1
array. J. Phys. Oceanogr., 31, 1031-1053, doi: 10.11
75/1520-0485(2001)031<1031:TKEOTM>2.0.CO;2.
[Link]
Kagimoto, T. and T. Yamagata, 1997: Seasonal transport
variations of the Kuroshio: An OGCM simulation. J.
Phys. Oceanogr., 27, 403-418, doi: 10.1175/1520-0485
(1997)027<0403:STVOTK>2.0.CO;2. [Link]
Kenyon, K. E., 1969: Stokes drift for random gravity
waves. J. Geophys. Res., 74, 6991-6994, doi: 10.1029/
JC074i028p06991. [Link]
Kim, Y. Y., T. Qu, T. Jensen, T. Miyama, H. Mitsudera, H.
W. Kang, and A. Ishida, 2004: Seasonal and interannual variations of the North Equatorial Current bifurcation in a high-resolution OGCM. J. Geophys. Res.,
109, C03040, doi: 10.1029/2003JC002013. [Link]
Kobashi, F. and H. Kawamura, 2002: Seasonal variation
and instability nature of the North Pacific Subtropical
Countercurrent and the Hawaiian Lee Countercurrent.
J. Geophys. Res., 107, 3185, doi: 10.1029/2001JC0012
25. [Link]
Kobashi, F., H. Mitsudera, and S. P. Xie, 2006: Three subtropical fronts in the North Pacific: Observational evidence for mode water-induced subsurface frontogenesis. J. Geophys. Res., 111, C09033, doi: 10.1029/20
06JC003479. [Link]
Kobashi, F., S. P. Xie, N. Iwasaka, and T. T. Sakamoto,
2008: Deep atmospheric response to the North Pacific oceanic subtropical front in spring. J. Climate, 21,
5960-5975, doi: 10.1175/2008JCLI2311.1. [Link]
Kubokawa, A. and T. Inui, 1999: Subtropical countercurrent in an idealized ocean GCM. J. Phys. Oceanogr.,
29, 1303-1313, doi: 10.1175/1520-0485(1999)029<13
03:SCIAIO>2.0.CO;2. [Link]
Kutzbach, J. E., 1967: Empirical eigenvectors of sea-level
pressure, surface temperature and precipitation complexes over North America. J. Appl. Meteorol., 6, 791802, doi: 10.1175/1520-0450(1967)006<0791:EEOSL
P>2.0.CO;2. [Link]
Large, W. G. and S. Pond, 1981: Open ocean momentum
flux measurements in moderate to strong winds. J.
Phys. Oceanogr., 11, 324-336, doi: 10.1175/1520-0485
(1981)011<0324:OOMFMI>2.0.CO;2. [Link]
Le Traon, P. Y., F. Nadal, and N. Ducet, 1998: An improved
mapping method of multisatellite altimeter data. J. Atmos. Ocean. Technol., 15, 522-534, doi: 10.1175/1520
-0426(1998)015<0522:AIMMOM>2.0.CO;2. [Link]

Legeckis, R., 1977: Long waves in the eastern equatorial Pacific Ocean: a view from a geostationary satellite. Science, 197, 1179-1181, doi: 10.1126/science.197.4309.
1179. [Link]
Li, X., W. G. Pichel, M. He, S. Y. Wu, K. S. Friedman, P.
Clemente-Colon, and C. Zhao, 2002: Observation of
hurricane-generated ocean swell refraction at the Gulf
Stream north wall with the RADARSAT-1 synthetic aperture radar. IEEE Trans. Geosci. Remote Sensing, 40,
2131-2142, doi: 10.1109/TGRS.2002.802474. [Link]
Liang, W. D., T. Y. Tang, Y. J. Yang, M. T. Ko, and W. S.
Chuang, 2003: Upper-ocean currents around Taiwan.
Deep-Sea Res. Part II-Top. Stud. Oceanogr., 50, 10851105, doi: 10.1016/S0967-0645(03)00011-0. [Link]
Liang, W. D., Y. J. Yang, T. Y. Tang, and W. S. Chung,
2008: Kuroshio in the Luzon Strait. J. Geophys. Res.,
113, C08048, doi: 10.1029/2007JC004609. [Link]
Lin, I. I., C. C. Wu, I. F. Pun, and D. S. Ko, 2008: Upper-ocean
thermal structure and the western North Pacific category
5 typhoons. Part I: Ocean features and the category 5 typhoons’ intensification. Mon. Weather Rev., 136, 32883306, doi: 10.1175/2008MWR2277.1. [Link]
Lin, I. I., C. H. Chen, I. F. Pun, W. T. Liu, and C. C. Wu,
2009: Warm ocean anomaly, air sea fluxes, and the
rapid intensification of tropical cyclone Nargis (2008).
Geophys. Res. Lett., 36, L03817, doi: 10.1029/2008GL
035815. [Link]
Liu, K. K., T. Y. Tang, G. C. Gong, L. Y. Chen, and F. K.
Shiah, 2000: Cross-shelf and along-shelf nutrient fluxes derived from flow fields and chemical hydrography
observed in the southern East China Sea off northern
Taiwan. Cont. Shelf Res., 20, 493-523, doi: 10.1016/S0
278-4343(99)00083-7. [Link]
Lukas, R., E. Firing, P. Hacker, P. L. Richardson, C. A. Collins, R. Fine, and R. Gammon, 1991: Observations of
the Mindanao Current during the western equatorial
Pacific Ocean circulation study. J. Geophys. Res., 96,
7089-7104, doi: 10.1029/91JC00062. [Link]
Maximenko, N. A. and P. P. Niiler, 2005: Hybrid decademean global sea level with mesoscale resolution. In:
Saxena, N. (Ed.), Recent Advances in Marine Science
and Technology, PACON International, Honolulu, 5559.
Mellor, G. L., 2008: The depth-dependent current and wave
interaction equations: A revision. J. Phys. Oceanogr.,
38, 2587-2596, doi: 10.1175/2008JPO3971.1. [Link]
Mellor, G. L. and T. Yamada, 1982: Development of a
turbulence closure model for geophysical fluid problems. Rev. Geophys., 20, 851-875, doi: 10.1029/RG02
0i004p00851. [Link]
Mellor, G. L. and T. Ezer, 1991: A Gulf Stream model and
an altimetry assimilation scheme. J. Geophys. Res., 96,
8779-8795, doi: 10.1029/91JC00383. [Link]
Mellor, G. L. and A. F. Blumberg, 2004: Wave breaking and

Advanced Taiwan Ocean Prediction System

ocean surface layer thermal response. J. Phys. Oceanogr., 34, 693-698, doi: 10.1175/2517.1. [Link]
Metzger, E. J. and H. E. Hurlburt, 2001: The nondeterministic nature of Kuroshio penetration and eddy shedding
in the South China Sea. J. Phys. Oceanogr., 31, 17121732, doi: 10.1175/1520-0485(2001)031<1712:TNN
OKP>2.0.CO;2. [Link]
Miyazawa, Y., T. Miyama, S. M. Varlamov, X. Guo, and T.
Waseda, 2012: Open and coastal seas interactions south
of Japan represented by an ensemble Kalman filter.
Ocean Dyn., 62, 645-659, doi: 10.1007/s10236-0110516-2. [Link]
Miyoshi, T., Y. Sato, and T. Kadowaki, 2010: Ensemble Kalman filter and 4D-Var intercomparison with the Japanese operational global analysis and prediction system. Mon. Weather Rev., 138, 2846-2866, doi: 10.11
75/2010MWR3209.1. [Link]
Moon, I. J., I. Ginis, and T. Hara, 2004: Effect of surface waves on Charnock coefficient under tropical cyclones. Geophys. Res. Lett., 31, L20302, doi:
10.1029/2004GL020988. [Link]
Myers, P. G. and A. J. Weaver, 1996: On the circulation of
the North Pacific ocean: Climatology, seasonal cycle
and interpentadal variability. Prog. Oceanogr., 38, 149, doi: 10.1016/S0079-6611(96)00009-2. [Link]
Nan, F., H. Xue, P. Xiu, F. Chai, M. Shi, and P. Guo,
2011: Oceanic eddy formation and propagation southwest of Taiwan. J. Geophys. Res., 116, C12045, doi:
10.1029/2011JC007386. [Link]
Nielson, P., 1992: Coastal Bottom Boundary Layers and Sediment Transport. World Scientific, Singapore, 324 pp.
Nitani, H., 1972: Beginning of the Kuroshio. In: Stommel,
H. and K. Yoshida (Eds.), Kuroshio: Its Physical Aspects, University of Tokyo Press, Tokyo, 129-163.
Oey, L. Y. and P. Chen, 1992a: A model simulation of circulation in the northeast Atlantic shelves and seas. J. Geophys. Res., 97, 20087-20115, doi: 10.1029/92JC01990.
[Link]
Oey, L. Y. and P. Chen, 1992b: A nested-grid ocean model:
With application to the simulation of meanders and eddies in the Norwegian Coastal Current. J. Geophys. Res.,
97, 20063-20086, doi: 10.1029/92JC01991. [Link]
Oey, L. Y., T. Ezer, D. P. Wang, S. J. Fan, and X. Q. Yin, 2006:
Loop Current warming by Hurricane Wilma. Geophys.
Res. Lett., 33, L08613, doi: 10.1029/2006GL025873.
[Link]
Oey, L. Y., T. Ezer, D. P. Wang, X. Q. Yin, and S. J. Fan,
2007: Hurricane-induced motions and interaction with
ocean currents. Cont. Shelf Res., 27, 1249-1263, doi:
10.1016/j.csr.2007.01.008. [Link]
Philander, S. G. H., W. J. Hurlin, and R. C. Pacanowski,
1986: Properties of long equatorial waves in models
of the seasonal cycle in the tropical Atlantic and Pacific Oceans. J. Geophys. Res., 91, 14207-14211, doi:

157

10.1029/JC091iC12p14207. [Link]
Philander, S. G. H., J. R. Holton, and R. Dmowska (Eds.),
1989: El Nino, La Niña, and the Southern Oscillation,
Academic Press, New York, 293 pp.
Pierson, W. J. and L. Moskowitz, 1964: A proposed spectral form for fully developed wind seas based on the
similarity theory of S. A. Kitaigorodskii. J. Geophys.
Res., 69, 5181-5190, doi: 10.1029/JZ069i024p05181.
[Link]
Powell, M. D., P. J. Vickery, and T. A. Reinhold, 2003: Reduced drag coefficient for high wind speeds in tropical cyclones. Nature, 422, 279-283, doi: 10.1038/nature01481. [Link]
Qiu, B., 1999: Seasonal eddy field modulation of the north
Pacific subtropical countercurrent: TOPEX/Poseidon
observations and theory. J. Phys. Oceanogr., 29, 24712486, doi: 10.1175/1520-0485(1999)029<2471:SEFM
OT>2.0.CO;2. [Link]
Qiu, B. and S. Chen, 2010: Interannual variability of the
North Pacific Subtropical Countercurrent and its associated mesoscale eddy field. J. Phys. Oceanogr., 40,
213-225, doi: 10.1175/2009JPO4285.1. [Link]
Qu, T., 2000: Upper-layer circulation in the South China
Sea. J. Phys. Oceanogr., 30, 1450-1460, doi: 10.1175/
1520-0485(2000)030<1450:ULCITS>2.0.CO;2.
[Link]
Qu, T. and R. Lukas, 2003: The bifurcation of the North
Equatorial Current in the Pacific. J. Phys. Oceanogr.,
33, 5-18, doi: 10.1175/1520-0485(2003)033<0005:TB
OTNE>2.0.CO;2. [Link]
Qu, T., H. Mitsudera, and T. Yamagata, 2000: Intrusion of
the North Pacific waters into the South China Sea. J.
Geophys. Res., 105, 6415-6424, doi: 10.1029/1999JC
900323. [Link]
Qu, T., Y. Y. Kim, M. Yaremchuk, T. Tozuka, A. Ishida,
and T. Yamagata, 2004: Can Luzon Strait transport play
a role in conveying the impact of ENSO to the South
China Sea? J. Climate, 17, 3644-3657, doi: 10.1175/
1520-0442(2004)017<3644:CLSTPA>2.0.CO;2. [Link]
Rio, M. H., P. Schaeffer, G. Moreaux, J. M. Lemoine, and
E. Bronner, 2009: A newmean dynamic topography
computed over the global ocean from GRACE data, altimetry and in-situ measurements. Proc. OceanObs’09
Symposium, Venice, Italy, IOC/UNESCO and ESA.
Sheremet, V. A., 2001: Hysteresis of a western boundary
current leaping across a gap. J. Phys. Oceanogr., 31,
1247-1259, doi: 10.1175/1520-0485(2001)031<1247:
HOAWBC>2.0.CO;2. [Link]
Sheu, W. J., C. R. Wu, and L. Y. Oey, 2010: Blocking and
westward passage of eddies in the Luzon Strait. DeepSea Res. Part II-Top. Stud. Oceanogr., 57, 1783-1791,
doi: 10.1016/j.dsr2.2010.04.004. [Link]
Smagorinsky, J., 1963: General circulation experiments
with the primitive equations. I. The basic experiment.

158

Oey et al.

Mon. Weather Rev., 91, 99-164, doi: 10.1175/1520-04
93(1963)091<0099:GCEWTP>2.3.CO;2. [Link]
Smolarkiewicz, P. K., 1984: A fully multidimensional positive definite advection transport algorithm with small
implicit diffusion. J. Comput. Phys., 54, 325-362, doi:
10.1016/0021-9991(84)90121-9. [Link]
Stokes, G. G., 1847: On the theory of oscillatory waves.
Transactions of the Cambridge Philosophical Society Series, 8, 441-455. In: Stokes, G. G. (Eds.), 1880,
Mathematical and Physical Papers, Volume I. Cambridge University Press, 197-229, Reprinted.
Toba, Y., 1972: Local balance in the air-sea boundary processes I. On the growth process of wind waves. J.
Oceanogr. Soc. Jpn., 28, 109-120, doi: 10.1007/BF02
109772. [Link]
Toole, J. M., E. Zou, and R. C. Millard, 1988: On the circulation of the upper waters in the western equatorial Pacific ocean. Deep-Sea Res. Part A-Oceanogr. Res. Pap.,
35, 1451-1482, doi: 10.1016/0198-0149(88)90097-0.
[Link]
Toole, J. M., R. C. Millard, Z. Wang, and S. Pu, 1990: Observations of the Pacific North Equatorial Current bifurcation at the Philippine coast. J. Phys. Oceanogr.,
20, 307-318, doi: 10.1175/1520-0485(1990)020<0307:
OOTPNE>2.0.CO;2. [Link]
Wang, D. P., L. Y. Oey, T. Ezer, and P. Hamilton, 2003:
Near-surface currents in DeSoto Canyon (1997-99):
Comparison of current meters, satellite observation,
and model simulation. J. Phys. Oceanogr., 33, 313-326,
doi: 10.1175/1520-0485(2003)033<0313:NSCIDC>2.

0.CO;2. [Link]
White, W. B., K. Hasunuma, and H. Solomon, 1978: Largescale seasonal and secular variability of the subtropical
front in the western North Pacific from 1954 to 1974.
J. Geophys. Res., 83, 4531-4544, doi: 10.1029/JC083i
C09p04531. [Link]
Willett, C. S., R. R. Leben, and M. F. Lavín, 2006: Eddies
and tropical instability waves in the eastern tropical
Pacific: A review. Prog. Oceanogr., 69, 218-238, doi:
10.1016/j.pocean.2006.03.010. [Link]
Xue, H., F. Chai, N. Pettigrew, D. Xu, M. Shi, and J. Xu,
2004: Kuroshio intrusion and the circulation in the
South China Sea. J. Geophys. Res., 109, C02017, doi:
10.1029/2002JC001724. [Link]
Yang, H., Q. Liu, Z. Liu, D. Wang, and X. Liu, 2002: A
general circulation model study of the dynamics of
the upper ocean circulation of the South China Sea. J.
Geophys. Res., 107, 3085, doi: 10.1029/2001JC001084.
[Link]
Yin, X. Q. and L. Y. Oey, 2007: Bred-ensemble ocean forecast of loop current and rings. Ocean Model., 17, 300326, doi: 10.1016/j.ocemod.2007.02.005. [Link]
Yoshida, K. and T. Kidokoro, 1967a: A subtropical countercurrent in the North Pacific - An eastward flow near
the Subtropical Convergence. J. Oceanogr. Soc. Jpn.,
23, 88-91.
Yoshida, K. and T. Kidokoro, 1967b: A subtropical countercurrent (II) - A prediction of eastward flows at lower
subtropical latitudes. J. Oceanogr. Soc. Jpn., 23, 231236.

