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Abstract: A fourth-order, fully two-way-coupled dual-grids Pacific Ocean Model (DUPOM) is developed to simulate the regional circulation in Asian Marginal Seas based on the North Pacific Ocean simulation framework. The model uses 1/4° and 1/8° horizontal resolutions for the eastern and western Pacific Ocean domains, respectively. Many important features in the Asian Marginal Seas are reproduced. These include the circulation patterns, the temporal mean of the volume transport and vertical current structure across east of Taiwan, the East China Sea, the Tokara Strait, south of Japan, and deep currents above Izu-Ogasawara Trench and Japan Trench. The baroclinic instability triggers the Kuroshio path meander variations south of Japan. It is found that both single current cores exist in the PCM1 line, PN line, and TK line. South of Japan (PCM5 line), the Kuroshio shows strong transport near the coast and a countercurrent exists offshore, causing the existence of a recirculation gyre locally. The DUPOM also reproduces the deep cyclonic currents across 30°N, 34°N and 38°N above Izu-Ogasawara Trench and Japan Trench, respectively. The current results show strong baroclinic dynamic of Western North Pacific current system and provide useful model validation with observation.
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1. Introduction

The western boundary current in the North Pacific, the Kuroshio, transports enormous amounts of mass (e.g., geochemical materials) and energy (e.g., heat) from the low to mid-latitude regions. It influences not only global ocean climate variations but also the regional climate system in East Asia [Guo et al., 2002; Yoshinari et al., 2004]. Especially, the Kuroshio has various paths south of Japan [Ishii et al., 1984], and the variations of the position of its current axis have a large influence on fisheries, ship navigation, marine resources, etc. Therefore, the path of the Kuroshio is of great interest and has been studied by many researchers and research groups for many decades [Yosida, 1964; Masuzawa 1965; Shoji, 1965; Taft, 1972; Kawabe, 1995; 提到九州南方彎流的都寫進來, etc.]. 

The Kuroshio originates from the northward branch of the bifurcated North Equatorial Current (NEC) off the Philippine coast [Nitani, 1972], enters the East China Sea (ECS) through the passage east of Taiwan, and flows northeastward along the continental shelf in the ECS with a small variation of the location of its current axis. The main current axis of the Kuroshio veers at around 30°N, 129°E and flows into the Tokara Strait, south of Kyushu, Japan. After passing through the Tokara Strait, the Kuroshio intensifies its speed and continues to flow along the southern coast of Japan, where it shows the well-known bimodal paths: the non-meander path (NMP) and the meander path (MP). Then, after it passes south of Japan, it leaves Honshu, Japan, off the Boso Peninsula and enters the deep Pacific Ocean as the Kuroshio Extension.

提一下變成三種路徑的沿革
Kawabe [Kawabe, 1988] examined sea-level difference between Naze and Nishinoomote at the Tokara Strait from 1965 through 1983, and showed that the long-term mean semimonthly velocity of the Kuroshio is at a maximum in July and at a minimum in the second half of October with a sharp decrease in August and September. Thus the velocity and transport of the Kuroshio show a maximum in summer and a minimum in fall on the long-term average. However, the seasonal variation is different from year to year, and the only feature found every year is a weak velocity from September to December (Masuzawa, 1960; Taft, 1972; Kawabe, 1988). Previous studies pointed out that the variation between the LM and NLM paths is related to the condition of the Kuroshio south of Kyushu.
Kawabe (M. Kawabe, 1985; M. Kawabe, 1995) used the data of sea level to examine the variations of the (typical) path of the Kuroshio Current and their relations with current velocity, volume transport, and upstream position of the Kuroshio. As pointed out by Kawabe, the positions of the three typical paths, which are categorized as large meander (LM), nearshore non-large meander (nNLM), and offshore non-large meander (oNLM), are the same in the farthest upstream and downstream regions south of Japan between 131°E and 142°E. The nearshore non-large-meander path and offshore one overlap between Kyushu and Kii Peninsula, being close to the south coast of Japan. However, the typical large meander locates offshore south of Shikoku, Japan. The Kuroshio takes an NLM path when its volume transport is small, while it is possible to take an LM or NLM path when the volume transport is in the range of medium to large. For the latter, LM paths occur when the Kuroshio is in a northern position in the position in the Takara Strait south of Kyushu, Japan, which implies a small curvature and being related with the dynamics of a large meander. Kawabe [Kawabe, 2005] also inferred a prerequisite and conditions which should be satisfied for formation of LM of the Kuroshio from observational data obtained mainly in 1990s.
Ichikawa and Beardsley [Ichikawa and Beardsley, 2002] reviews literature related to the current system in the ECS. 
Long-term hydrographic observations in the ECS have been made at the PN (Pollution Nagasaki) line by Nagasaki Marine Observatory, the Japan Meteorological Agency (JMA) since 1972. The geostrophic volume transport of the Kuroshio (northeastward velocity component) referenced to the 700-dbar level along section PN has been used as an index of the long-term variation of the Kuroshio volume transport in the ECS. The long-term mean relative transport during 28 years from 1973 to 2000 us 25.8 Sv, with a mean seasonal maximum of 27.0 Sv in summer and minimum of 23.9 Sc in autumn. Yamashiro et al. [Yamashiro et al., 1990] estimated the seasonal mean geostrophic current through section PN from hydrographic and geomagnetic electrokinetograph (GEK) data collected during 1972-1986. Hinata [Hinata, 1996] suggested that the mean geostrophic volume transport through the PN line is 25.4 Sv with a little decrease in autumn based on the hydrographic data observed along the PN line from 1973 to 1993. Ichikawa and Chaen [Ichikawa and Chaen, 2000] found that the seasonal mean volume transport of northeastward current through section PN is a maximum of 32.1 Sv in summer and a minimum of 20.0 Sv in winter, around an annual mean of 27.6 Sv by integrating the geostrophic volume transport referenced with GEK or ship-mounted ADCP velocity in each transect during 1981-1992.
The Tokara Strait, located at around 30°N and 130°E south of Kyushu, Japan, with a northeast-southwest inclination, is the primary passage of the Kuroshio flowing from the ECS to Pacific Ocean south of Japan [Nitani, 1972; Nagata and Takeshita, 1985]. The Tokara Strait for the Kuroshio may be regarded as a counterpart of the Florida Strait for the Gulf Stream system. The variability of the position of the current axis of the Kuroshio and the volume transport across Tokara Strait is recognized to be highly related to the bimodal paths of the Kuroshio south of Japan. 
As pointed out Feng [Feng et al., 2000], observation was made to examine how the volume transport of the Kuroshio through this strait could be regarded as an index for the formation of a large meandering path of the Kuroshio. Different estimates of the Kuroshio volume transport through Tokara Strait ranging from 18 to 32 Sv (Zhu et al., 2006)

According Warren [Warren, 1981], deep currents have been observed along the western boundaries in the world ocean, and are consistent with a classical model of Stommel and Arons in which boundary currents were predicted to transport deep water from polar formation regions. Fujio , they found that. In the North Pacific, Izu-Ogasawara Trench, the southward volume transport above the eastern flank increased from 

In this study, we mainly validate duo-grid Pacific Ocean Model ocean model and . Furthermore, we show some preliminary results. 

We use a high resolution duo-grid Pacific Ocean Model to simulate and resolve the circulation of Kuroshio Current system in North Pacific Ocean. 
The whole paper is organized as follows. Section 2 introduces and governing equations and the high-resolution Duo-grid Pacific Ocean Model (DUPOM). Then, the general description and comparison with observation data or the model validation of the current model are followed. Section 3 discusses the appearance of cold dome northeast of Taiwan and the bimodal paths of the Kuroshio south of Japan. Finally, conclusions are drawn in Section 4.
2B2.  Model description and validation
In order to accurately investigate the regional circulation in the vicinity of North Pacific Bay, we used the hydrostatic, z-level, collocated Arakawa A grid, and fourth-order accurate Dietrich/Center for Air Sea Technology (DieCAST) ocean model, which provides high computational accuracy and low numerical dissipation and dispersion [Dietrich et al., 2004; Tseng et al., 2005]. The duo-grid Pacific Ocean Model (DUPOM) is one-way coupled to a large-scale Kuroshio Current System DieCAST model and uses the efficient ghost-cell immersed boundary method (GCIBM) [Tseng and Ferziger, 2003] to represent the coastal geometry and bathymetry in the local model.
2.1.  Governing Equations
The governing equations are as follows:

Conservation of mass:
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Horizontal momentum equations:


[image: image2.wmf]÷

ø

ö

ç

è

æ

¶

¶

¶

¶

+

Ñ

×

Ñ

+

¶

¶

-

+

×

-Ñ

=

¶

¶

z

u

A

z

u

A

x

p

fv

u

t

u

v

h

h

h

0

1

r

V


(2)

[image: image3.wmf]÷

ø

ö

ç

è

æ

¶

¶

¶

¶

+

Ñ

×

Ñ

+

¶

¶

-

-

×

-Ñ

=

¶

¶

z

v

A

z

v

A

y

p

fu

v

t

v

v

h

h

h

0

1

r

V


(3)
Equation of conservation of salt or energy (potential temperature):
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Hydrostatic equation:
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Equation of state:
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where u, v, and w are the x, y and z components of velocity vector V=(u, v, w), respectively; f is the Coriolis parameter; , 0, and 
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 are the local density, the bulk density, and the horizontally averaged density at depth z of the sea water, respectively; p is the pressure; s is the scalar quantity which can be either the salinity S or the potential temperature T; Ah and Av are the horizontal and vertical eddy viscosity, respectively; Kh and Kv are the horizontal and vertical eddy diffusivity, respectively.

2.2  Model Description


The whole model domain covers entire North Pacific Ocean ranging from 100°E to 80°W and from 30°S to 60°N. Figure 1(a) shows the whole domain of the system under consideration. To reduce the computational time, a duo-grid approach is used based on a multiple-grid framework [Dietrich et al., 2004; Dietrich et al., 2007]. A 1/4° horizontal resolution is used east of 150°E (the right blue block, named the NPB domain, in Figure 1(a)), while a finer horizontal resolution of 1/8° is used west of 150°E (the left red block, named the TAI domain, in Fig. 1 (a)) where it is needed to solve the detailed Kuroshio current and regional circulations. The contour interval of the bottom topography (or bathymaty) is 1 km. Figure 1(b) details the TAI domain. Locations of PCM1, PN, TK, PCM5 (ASUKA) lines, and 30°N, 34°N and 38N°latitudes, which are used as the diagnostics of the current model, are marked. Model bathymetry is interpolated from unfiltered ETOPO5 depth data supplemented with the Taiwan’s National Center for Ocean Research 1-minute high accuracy depth archive in the Asian Seas. The vertical resolution is linear-exponential stretched grid of 26 layers with a thickness of 6 meter in the top layer. Both domains use the same vertical grids. Within each domain, longitudinal resolution is uniform and latitudinal resolution is generated such that varying latitude and longitude grid increments are equal everywhere (Mercator grid).

The surface wind forcing is obtained from the interpolated monthly Hellerman and Rosenstein winds [Hellerman and Rosenstein, 1983]. The Levitus’94 climatology (Levitus World Ocean Altas, available at http://ingrid.ldeo.columbia.edu/SOURCES/.LEVITUS94) [Levitus and Boyer, 1994] is used to initialize the model and determine its surface sources of heat and fresh water using the non-damping precise approach. Subgrid scale vertical mixing is parameterized by eddy diffusivity (for temperature and salinity) and viscosity (for momentum) using a modified Richardson number dependent formula [Staneva et al., 2001; Tseng et al., 2005] based on Pacanowski and Philander [Pacanowski and Philander, 1981]. The horizontal eddy viscosity and diffusivity used in both domains are 20 m2/s.
3B2.3 Model Validation
In this section, we show the comparison with the observation or some results of other model in related literature. The volume transport across the sections include PCM-1(east of Taiwan), PN (East China Sea), TK (Tokara Strait south of Kyushu, Japan), PCM-5 lines (south of Japan), and 30°N, 34°N, and 38°N latitudes (southeast to east of Japan) and their vertical current structures normal to each section are shown in turn to validate the current DUPOM model. It should be noted that these sections chosen as the diagnostics are based on the path of the Kuroshio.
2.3-1 Current flow East of Taiwan
Figure 2(a) shows the schematic of the region east of Taiwan and the grids used to calculate the volume transport and vertical current structure near the PCM-1 line. Figure 2(b) shows the time series of the volume transport flowing across near the PCM-1 line (three-year mean in one year). The black solid line represents the overall volume transport with a temporal mean of 22.3 Sv (1 Sv≡106 m3/sec) and a standard deviation of 1.6 Sv. This volume transport indicates the strong current through east of Taiwan and into the East China Sea (ECS). The temporal variation of the volume transport shows similar pattern with the observation at WOCE (qualitatively, refer to the red block line). Besides, most our model results fall in the range of the observation (quantitatively, refer to the read error bar). The temporal mean value of the overall volume transport is highly consistent with Liu et al’s mean transport estimate of 22.6 Sv at the PCM-1 section from repeat CTD/ADCP sections [Liu et al., 1998]. The current flow in upper layer (surface to 200 meter depth, where the depth of 200 meter is chosen because 200 meter is near the boundary of depth between the continental shelf and the continental slope) of sea in this region dominates the volume transport with a temporal mean value of 15.8±1.0 Sv, which accounts for two-thirds of the overall volume transport. The transport here is relatively large with a maximum of 17.6 Sv in spring, while it is relatively small with a minimum of 13.8 Sv in late autumn. The temporal mean of the volume transport in the bottom layer (200 to bottom) is 6.5±0.9 Sv with a larger coefficient of variance of 13.1% than the value of 6.5% in upper layer, indicating larger temporal variation of volume transport here relative to that in upper layer. Relatively large and relatively small volume transports appear in late spring and late autumn, respectively. From the discussion mentioned above, we can conclude that a northeastward current, the Kuroshio current, flows principally in upper layer of sea when it passes near the PCM-1 section east of Taiwan. The overall volume transport is always positive indicating a stable current past east of Taiwan and into East China Sea.
To further study the flow pattern past east of Taiwan, the three-year mean of the vertical current structures normal to the PCM-1 line is shown in Figure 2(c). The contour interval is 10 cm/sec. The positive value represents the northeastward current flow, while the negative one represents the reverse countercurrent. According to Figure 2(c), the strong part of the current, the Kuroshio, flows northeastward and locates at around 122.1°E to 122.5°E in the sea surface. The southwestward flow exists in very small area in the bottom of sea. As a whole, the temporal mean of the vertical current structures shows a highly similar result with that obtained by [Johns et al., 2001] both qualitatively and quantitatively.
2.3-2 Current flow in the East China Sea

Figure 3(a) shows the schematic of the region in East China Sea and grids used to calculate the volume transport and vertical current structure near the PN line (three-year mean in one year). Figure 3(b) illustrates the time series of volume transport flowing across near the PN section in a variety of layers of sea. The black solid line represents the overall volume transport with a temporal mean of 25.0 Sv and a standard deviation of 3.4 Sv, indicating the strong northeastward current, the Kuroshio, through the central ECS. The mean value of the overall volume transport is highly consistent with the long-term mean relative geostrophic volume transport of 25.8 Sv referred to 700 db level across the PN line from 1973 to 2000 [Ichikawa and Beardsley, 2002] and the mean geostrophic volume transport through the PN line of 25.4 Sv based on observed hydrographic data along the PN line from 1973 to 1993 by assuming a reference depth of no motion at a depth of 700 meter [Hinata, 1996; Guo et al., 2002]. The overall volume transport also reveals obvious seasonal variation which is similar to the seasonal variation of the observation by Japan Meteorological Agency during winter 1972 to spring 2005 (available at: HUhttp://www.nagasaki-jma.go.jp/kaiyo/knowledge/kuroshioUH).  The maximum (32.5 Sv) and minimum (15.3 Sv) of the volume transports appear in late spring and late autumn, respectively. The current flow in upper layer (surface to 200 meter depth, where the depth of 200 meter is chosen because 200 meter is near the boundary of depth between the continental shelf and the continental slope) of sea in this region dominates the volume transport with a temporal mean value of 15.0±1.8 Sv, which accounts for two-thirds of the overall volume transport. The transport here is relatively large with a maximum of 19.4 Sv in late spring, while it is relatively small with a minimum of 10.8 Sv in late autumn. The volume transport in intermediate layer (200 to 700 meter depth, where the depth of 700 meter is chosen because 700 meter is the boundary of depth of geostrophic volume transport calculated by other authors in this area) does minor contribution to the overall volume transport, which is about half of the value in upper layer. The temporal mean is 9.5±1.6 Sv. It also can be seen that the volume transport in this layer shows a similar temporal variation to that in upper layer. That is, relatively large and relatively small volume transports exist in spring and late autumn, respectively. For the flow in bottom layer (deeper than 700 meter depth), the volume transport is rather small or diminishes to zero because the deep current is near the bottom topography, which exerts larger drags on the deep current and hence restricts its flow. The temporal mean of the volume transport in this layer is only -0.08±0.45 Sv, indicating a rather weak and unstable current in this layer. From the discussion mentioned above, we can further conclude that the Kuroshio flows principally in upper layer of sea when it passes near the PN line in the East China Sea. A weak and unstable countercurrent exists under the Kuroshio in bottom layer. The overall volume transport is always positive except an unstable flow condition near the bottom.
Similarly, we investigate the flow patterns through ECS. The vertical structures of the long-term annular mean and seasonal mean of the current velocity flowing normal to the PN line during Year 37 to Year 39 are shown in Figure 3 (c) and (d), respectively. The contour intervals are 10 cm/sec within the range from zero to 90 cm/sec and 1 cm/sec outside the range, respectively. The positive value represents the northeastward current flow, while the negative one represents the reverse countercurrent. The strong part of the Kuroshio, which flows northeastward in the central ECS, locates over the continental slope. The southwestward flow exists under the Kuroshio. Generally, the Kuroshio presents a single strong current core when it passes the PN line and exhibits a weak seasonal variation in the position and depth, as shown in Figure 3(d). The maximum northeastward and southwestward velocities appear in summer and winter with values 108.7 and 16.8 cm/sec, respectively. In spring, the Kuroshio current core locates at 127°E (28.4°N). In summer, the Kuroshio axis shifts westward with a larger velocity. During autumn and winter, the velocity of the Kuroshio reduces continuously and its axis shifts eastward. The results agree qualitatively well with the calculated results of Yamashiro et al. [Yamashiro et al., 1990], which is based on the hydrographic and geomagnetic electrokinetograph (GEK) data collected during 1972-1986. Take a close look at Figure 3(c), the current structure shows respectively two cores of different maximum velocities at sea surface and subsurface, which was observed by Andres [Andres et al., 2008].
2.3-3 
Current flow across Tokara Strait


Figure 4(a) shows the schematic of the region in south of Kyushu, Japan and grids used to calculate the volume transport and vertical current structure near the TK line (three-year mean in one year). Figure 4(b) illustrates the time series of volume transport flowing across near the TK section in a variety of layers of sea. The black solid line represents the overall volume transport with a temporal mean of 27.6 Sv and a standard deviation of 1.9 Sv, indicating the strong current, the Kuroshio, through the Tokara Strait. The temporal mean of the overall volume transport is consistent with that from the observation during spring 1987 and spring 2005 and many estimates of the Kuroshio volume transport through Tokara Strait which ranges from 18 Sv to 32 Sv [Bingham and Talley, 1991; Yamamoto et al., 1993; Nakano et al., 1994; Yamamoto et al., 1998; Feng et al., 2000; Zhu et al., 2006). The seasonal variation shows similar pattern as that observed by JMA during spring 1987 to spring 2005 (available at: HUhttp://www.nagasaki-jma.go.jp/kaiyo/knowledge/kuroshioUH) with a larger volume transport in spring and summer and smaller volume transport in autumn and winter. Refer to Figure 4(b), the current flow in the upper layer (surface to 200 meter depth, where the depth of 200 meter is chosen based on the same reason as that chosen in Figure 3(b)) of sea in this region dominates the volume transport with a temporal mean value of 17.3±1.9 Sv, which accounts for two-thirds of the overall volume transport. The transport here is relatively large with a maximum of 19.6 Sv in spring, while it is relatively small with a minimum of 14.2 Sv in late autumn. The volume transport in the intermediate layer (200 to 700 meter depth, where the depth of 700 meter is chosen for the same reason as that chosen in Figure 3 (b)) does minor contribution to the overall volume transport, which is about half of the value in upper layer. It also can be seen that the volume transport in this layer shows a similar temporal variation to that in upper layer. That is, relatively large and relatively small volume transports exist in spring and late autumn, respectively. For the flow in bottom layer (deeper than 700 meter depth), the volume transport is rather small or diminishes to zero because the deep current is near the bottom topography, which exerts larger drags on the deep current and hence restricts its flow. The temporal mean of the volume transport in this layer is only 0.28±0.34 Sv, indicating a weak and unstable current in this layer. From the discussion mentioned above, we can further conclude that the Kuroshio also flows principally in upper layer of sea when it passes near the TK line through the Tokara Strait. A weak and unstable current appears under the Kuroshio in bottom layer. The overall volume transport is always positive and shows a stable pattern with respect to temporal variation. Again, we investigate the flow patterns through Tokara Strait. The long-term annual mean of the vertical current structures flowing normal to the TK line is shown in Figure 4 (c). The contour intervals are 10 cm/sec within the range from zero to 50 cm/sec and 1 cm/sec outside the range, respectively. The positive value represents the southeastward current flow, while the negative one represents the reverse countercurrent. Figure 4 (c) shows two characteristics that can be seen in the observation. The first characteristic is that a single current core exists in the upper layer, while the second one is the appearance of a weaker countercurrent in the bottom layer. Both of the characteristics were observed by Oka [Oka and Kawabe, 2003].
2.3-4 
Current flow south of Japan
Figure 5(a) shows the schematic of the region south of Japan and grids used to calculate the volume transport and vertical current structure near the TK line (three-year mean in one year). Figure 5 (b) shows the time series of the volume transport flowing across the PCM-5 line located south of Japan in the upper (surface-1000 m) and deep layers (1000 m-bottom). The blue dashed line represents the volume transport in the upper layer with a temporal mean of about 36.8 Sv, a sum of the volume transport of a northeastward current at nearshore south of Japan and a recirculation at offshore south of Japan, and a standard deviation of 4.4 Sv. The upper layer of sea means the sea from surface to 1000 meter depth, where the depth of 1000 meter is chosen because 1000 meter is the boundary of depth of geostrophic volume transport calculated by other authors in this section. The temporal variation of the volume transport in the upper layer and its temporal mean show similar quantitative behavior with those obtained by Kagimoto et al. [Kagimoto and Yamagata, 1997] and Yoshinari et al. [Yoshinari et al., 2004]. The green dash-dot line represents the volume transport in the bottom layer below 1000 meter. The volume transport in this layer is always negative indicating a stable, southwestward undercurrent in the bottom layer. Hence, the overall volume transport is the sum of a stable northeastward current in the upper layer and a stable southwest current in the bottom layer. Again, we investigate the flow patterns through south of Japan. The long-term annual mean of the vertical current structures flowing normal to the PCM5 line is shown in Figure 5 (c). The contour intervals are 10 cm/sec. The positive value represents the northeastward current flow, while the negative one represents the reverse countercurrent. Figure 4 (c) shows a pair of opposite current cores at sea surface. A northeastward current core and a southwestward current core appear at sea surface with a maximum velocities of 145.7 cm/sec and 23.7 cm/sec in the nearsohre and offshore regions south of Japan, respectively. A reverse undercurrent is seen under the Kuroshio. All the characteristics mentioned above were also observed by Imawaki [Imawaki et al., 1995]
2.3-5 Current flow southeast and east of Japan
Figure 6(a) and (b) show the schematics of the region southeast and east of Japan. Grids used to calculate vertical current structure near 30°N, 34°N, and 38°N latitudes are also shown in these figures. Figure 6(c) illustrates the snapshot of the vertical current structure normal to the 30°N latitude. The current structure normal to 30°N latitude displays a northward current core with a velocity more than 40 cm/sec at sea surface and an undercurrent core in the deep layer of sea. This pattern is also seen by Fujio [Fujio et al., 2000]. Figure 6(d) and 6(e) show the snapshots of the vertical current structure normal to the 34°N and 38°N latitudes, respectively. The current structure normal to 34°N latitude displays two pairs of current cores. A pair of current cores appears at sea surface with a northward current core at smaller longitude and a reverse current core at larger longitude. The other pair of current cores exists as a pair of undercurrent under the pair of current cores at sea surface. The characteristic are also observed by Fujio [Fujio et al., 2000]. The current structure normal to 38°N latitude shows a structure of sandwich of current cores in deep layer of sea. That is, a northward current core appears above the Japan Trench and is bounded by two southward current cores. This characteristic is also observed by Fujio [Fujio and Yanagimoto, 2005].
3. 
Results and Discussion

In this section, we show some preliminary results of DUPOM.
3.1 
Core dome northeast of Taiwan

Figure 7(a) to (d) show the sea surface temperature (SST) in the region northeast of Taiwan in Feb (winter), May (spring), Aug (summer), and Nov (autumn) during Year 37 to Year 39. In winter, the SST is relatively cold in this region. Higher SST appears east of Taiwan and lower SST exists north of Taiwan. In spring, the SST becomes larger and a cold dome forms in the region northeast of Taiwan. In summer, the SST becomes larger continuously and the original cold dome disappears. In autumn, the SST becomes smaller and a cold region the original cold dome disappears. The characteristic of a cold dome in the region northeast of Taiwan is also observed by other related literature [Wu et al, 2008].
3.2 
The path of the Kuroshio south of Japan

Figure 8 shows the sea surface height (SSH) and vector field of the current at sea surface in the region south of Japan during Year 37. Day 150 shows a meander path of the Kuroshio, while the non-meander path can be seen at Day 300.
4. Conclusions

The current DUPOM model produces many important features in the Asian Marginal Seas, which contains the circulation patterns, the temporal mean of the volume transport and vertical current structure across the East China Sea, the Tokara strait, south of Japan, and deep current above Izu-Ogasawara Trench and Japan Trench. The current results show strong baroclinic dynamic of Western North Pacific current system and provide useful model validation with observation. Cold dome at sea surface northeast of Taiwan is also resolved by the model. Bimodal path of the Kuroshio in the region south of Japan can be seen in this mode during Year 37.
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Figure 1 (a) Schematic of the whole model under consideration. The right block denotes the NPB domain which covers the eastern Pacific with a horizontal grid resolution of 1/4 degree, while the left one denotes the TAI domain covering the western Pacific with a finer horizontal grid resolution of 1/8 degree. (b) Locations of PCM1, PN, TK, PCM5 (or ASUKA) lines, and 30°N, 34°N and 39°N latitudes, which are used as diagnostics of this current model, are marked. The contour intervals of the bathymetry used in (a) and (b) are both 1 km.
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(c)
Figure 2 (a) Schematic of the region east of Taiwan. The grids near the PCM-1 section are marked in black. The contour interval of the bathymetry is 500 meter. (b) Time series of the volume transport across the PCM-1 section (observation and three-year mean of the model results in a year). Solid black line represents the total transport east of Taiwan. Blue dashed line and green dash-dot line are the transports shallower than 200 m and beneath 200 m, respectively. The red solid line denotes the monthly averaged volume transport of the observation at WOCE, while the errorbars indicate the standard deviation at each month. (c) The temporal mean of the vertical current structure normal to the PCM-1 section.
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(d)

Figure 3 (a) Schematic of the region in East China Sea. The grids near the PN section are marked in black. The contour interval of the bathymetry is 200 meter. (b) Time series of the volume transport across the PN section (three-year mean of the model results in a year). Solid black line represents the total transport in East China Sea. Blue dashed line, green dash-dot line, and red dotted line are the transports in the upper (surface to 200 meter), intermediate (200 meter to 700 meter), and bottom layers (700 meter to bottom), respectively. (c) The annual mean of the vertical current structure normal to the PN section. (d) The seasonal mean of the vertical current structure normal to the PN section.
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(c)

Figure 4 (a) Schematic of the region south of Kyushu, Japan. The grids near the TK section are marked in black. The contour interval of the bathymetry is 100 meter. (b) Time series of the volume transport across the TK section (three-year mean of the model results in a year). Solid black line represents the total transport in Tokara Strait south of Kyushu, Japan. Blue dashed line, green dash-dot line, and red dotted line are the transports in the upper (surface to 200 meter), intermediate (200 meter to 700 meter), and bottom layers (700 meter to bottom), respectively. (c) The annual mean of the vertical current structure normal to the TK section.
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(c)

Figure 5 (a) Schematic of the region south of Japan. The grids near the PCM-5 section are marked in black. The contour interval of the bathymetry is 500 meter. (b) Time series of the volume transport across the PCM-5 section (three-year mean of the model results in a year). Solid black line represents the total transport south of Japan. Blue dashed line and green dash-dot line are the transports in the upper (surface to 1000 meter) and bottom layers (1000 meter to bottom), respectively. (c) The annual mean of the vertical current structure normal to the PCM-5 section.
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(e)

Figure 6 (a) Schematic of the region southeast of Japan. The grids near the 30°N and 34°N section are marked in red and black, respectively. The contour interval of the bathymetry is 1000 meter. (b) Schematic of the region east of Japan. The grids near the 38°N section are marked in black. (c) The snapshot of the vertical current structure normal to 30°N latitude. (d) The snapshot of the vertical current structure normal to 34°N latitude. The contour interval of the bathymetry is 1000 meter. (e) The snapshot of the vertical current structure normal to 38°N latitude.
[image: image28.emf] 121

o

E 

 30' 

 122

o

E 

 30' 

 123

o

E 

 30' 

 124

o

E 

  24

o

N 

 15' 

 30' 

 45' 

  25

o

N 

 15' 

 30' 

 45' 

  26

o

N 

 15' 

 30' 

 45' 

  27

o

N 

Temperature (



C)

20.5

21

21.5

22

22.5

23

23.5

24

24.5


(a)

[image: image29.emf] 121

o

E 

 30' 

 122

o

E 

 30' 

 123

o

E 

 30' 

 124

o

E 

  24

o

N 

 15' 

 30' 

 45' 

  25

o

N 

 15' 

 30' 

 45' 

  26

o

N 

 15' 

 30' 

 45' 

  27

o

N 

Temperature (



C)

20.5

21

21.5

22

22.5

23

23.5

24

24.5

25


(b)

[image: image30.emf] 121

o

E 

 30' 

 122

o

E 

 30' 

 123

o

E 

 30' 

 124

o

E 

  24

o

N 

 15' 

 30' 

 45' 

  25

o

N 

 15' 

 30' 

 45' 

  26

o

N 

 15' 

 30' 

 45' 

  27

o

N 

Temperature (



C)

20.5

21

21.5

22

22.5

23

23.5

24

24.5

25

25.5


(c)

[image: image31.emf] 121

o

E 

 30' 

 122

o

E 

 30' 

 123

o

E 

 30' 

 124

o

E 

  24

o

N 

 15' 

 30' 

 45' 

  25

o

N 

 15' 

 30' 

 45' 

  26

o

N 

 15' 

 30' 

 45' 

  27

o

N 

Temperature (



C)

20.5

21

21.5

22

22.5

23

23.5

24

24.5


(d)

Figure 7 Sea surface temperature northeast of Taiwan. (a) Feb. (b) May. (c) Aug. (d) Nov.
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Figure 8 Sea surface height and vector field o current at sea surface south of Japan during Year 37.

Figure captions

Figure 1 (a) Schematic of the whole model under consideration. The right block denotes the NPB domain which covers the eastern Pacific with a horizontal grid resolution of 1/4 degree, while the left one denotes the TAI domain covering the western Pacific with a finer horizontal grid resolution of 1/8 degree. (b) Locations of PCM1, PN, TK, PCM5 (or ASUKA) lines, and 30°N, 34°N and 39°N latitudes, which are used as diagnostics of this current model, are marked. The contour intervals of the bathymetry used in (a) and (b) are both 1 km.
Figure 2 (a) Schematic of the region east of Taiwan. The grids near the PCM-1 section are marked in black. The contour interval of the bathymetry is 500 meter. (b) Time series of the volume transport across the PCM-1 section (observation and three-year mean of the model results in a year). Solid black line represents the total transport east of Taiwan. Blue dashed line and green dash-dot line are the transports shallower than 200 m and beneath 200 m, respectively. The red solid line denotes the monthly averaged volume transport of the observation at WOCE, while the errorbars indicate the standard deviation at each month. (c) The temporal mean of the vertical current structure normal to the PCM-1 section.
Figure 3 (a) Schematic of the region in East China Sea. The grids near the PN section are marked in black. The contour interval of the bathymetry is 200 meter. (b) Time series of the volume transport across the PN section (three-year mean of the model results in a year). Solid black line represents the total transport in East China Sea. Blue dashed line, green dash-dot line, and red dotted line are the transports in the upper (surface to 200 meter), intermediate (200 meter to 700 meter), and bottom layers (700 meter to bottom), respectively. (c) The annual mean of the vertical current structure normal to the PN section. (d) The seasonal mean of the vertical current structure normal to the PN section.
Figure 4 (a) Schematic of the region south of Kyushu, Japan. The grids near the TK section are marked in black. The contour interval of the bathymetry is 100 meter. (b) Time series of the volume transport across the TK section (three-year mean of the model results in a year). Solid black line represents the total transport in Tokara Strait south of Kyushu, Japan. Blue dashed line, green dash-dot line, and red dotted line are the transports in the upper (surface to 200 meter), intermediate (200 meter to 700 meter), and bottom layers (700 meter to bottom), respectively. (c) The annual mean of the vertical current structure normal to the TK section.

Figure 5 (a) Schematic of the region south of Japan. The grids near the PCM-5 section are marked in black. The contour interval of the bathymetry is 500 meter. (b) Time series of the volume transport across the PCM-5 section (three-year mean of the model results in a year). Solid black line represents the total transport south of Japan. Blue dashed line and green dash-dot line are the transports in the upper (surface to 1000 meter) and bottom layers (1000 meter to bottom), respectively. (c) The annual mean of the vertical current structure normal to the PCM-5 section.

Figure 6 (a) Schematic of the region southeast of Japan. The grids near the 30°N and 34°N section are marked in red and black, respectively. The contour interval of the bathymetry is 1000 meter. (b) Schematic of the region east of Japan. The grids near the 38°N section are marked in black. (c) The snapshot of the vertical current structure normal to 30°N latitude. (d) The snapshot of the vertical current structure normal to 34°N latitude. The contour interval of the bathymetry is 1000 meter. (e) The snapshot of the vertical current structure normal to 38°N latitude.

Figure 7 Sea surface temperature northeast of Taiwan. (a) Winter. (b) Spring. (c) Summer. (d) Winter.

Figure 8 Sea surface height and vector field o current at sea surface south of Japan during Year 37.
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