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 ( -0.09±0.03 Sv)  (volume conservation)

 (residence time) 2000

 (upwelling)

31 58
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Intermediate Water, PSIW)  (Circumpolar Deep Water, CDW)

D2

-10.5 Wm-2 40 %  (net heat flux)

 (stratification)



Abstract

    Geographically, two deep channels which are both located around 121.5°E could 

lead deep water exchange (>2000 m) between Pacific Ocean and South China Sea 

(SCS). The north one, named as D1, is located east of southern Taiwan, while the south 

one, named as D2, is located east of Luzon Strait. The presented current observations 

indicate the deep water continuously flow into the SCS through D2. The volume 

transport through D2 was 1.08±0.32 Sv (1 Sv = 106 m3s-1), while the transport through 

D1 was negligible. By assuming volume conservation, the inflow transport was used to 

estimate the residence time and vertical velocity on the 2000m isobaths. The estimated 

residence time in the deep SCS (>2000m) is from 31 to 58 years. The estimated vertical 

velocity at 2000m is (1.10±0.32)×10-6 ms-1. It is close to the sum of the mean Ekman 

pumping (1.30×10-6 ms-1) and the mean geostrophic vertical velocities (0.30×10-6 ms-1)

which were calculated by using Quick Scatterometer (QSCAT) wind and Generalized 

Digital Environmental Model (GDEM), respectively. The result indicates the deep 

current at D2 could be a primary channel providing the cold water into SCS. Examined 

the historical hydrography around SCS, the origination of SCS deep water could be 

mainly mixed by the water mass of Circumpolar Deep Water (CDW) and the water 

mass of Pacific Subarctic Intermediate Water (PSIW). 

    Heat flux through D2 channel was also calculated. It could be balanced for 40% of 

net heat flux on sea surface. The result was implied that the upwelling at deep SCS as 

well as intermediated depths could be important for maintaining strong stratification and 

energetic internal motion in the SCS. 

Key Words: South China Sea, deep water, volume transport, residence time, water mass, 

heat flux, upwelling. 
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1

 (South China Sea, SCS)

(International Hydrographic Organization, IHO)

3 25 99

122

 (Indochina)  (Borneo)

 (Sumatra) 350

 (Coral Sea)  (Arabian Sea)

5000 1200 

3600

 (Luzon Strait)

 (Mindoro Strait)  (Balabac Strait)

(Sulu Sea) 200

300  (Strait of Malacca)

 (Karimata Strait)  (Java Sea)

 (East China Sea)

 (Wyrtki, 1961)

(Batan Islands)  (Bashi Channel)
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(Babuyan Islands)  (Balintang Channel)

 (Babuyan Channel)

400

4500

5000

4000

 (2002)

(Automated Temperature Line Acquisition System, ATLAS)

 (stratification)

(internal motion)  (internal wave)

 (Alford, 2003; Duda et al., 2004; Ramp et al., 2004;         

Yang et al., 2004; Fang, 2007)

 (Fu and Holt, 1982)

 (overturning)

(Helfrich et al., 1986) Kallberg et al. (2005)

(European Centre for Medium-Range Weather Forecasts, ECMWF) ERA-40 

(ECMWF Reanalysis. 40yrs)

(net heat flux)

 ( , 2002)

Chu (1972)

2000 2.5
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 (Luzon Arc)

Nitani (1972) Gong et al. (1992)

2000

Wang (1986)

 (cold-core)

 (Stommel Theory) 1500

0.7 Sv (1 Sv=106 m3s-1) Liu and Liu (1988)

2000 2700 82

2000 0.14 ms-1

1.2 Sv

Han et al. (1994) 0.67 Sv

2000 Chen et al. (2001)

1350 1.2 Sv  (2000)

 (Reduced Gravity Model)

4 Sv

1500 Qu et al. (2006)

 (Hydraulic Theory) 1500

2.5 Sv
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 (4 Sv)  (0.67 Sv)

 (residence time)
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2.1

2000

 (Chu, 1972) Nitani (1972)

Gong et al. (1992) 2000

2000

(Ocean Data Bank, National Science Council, Taiwan)

 (South China Sea Bathymetry Dataset V1.3, SCSBDv1.3, 

NCOR/ODB, 1999) 2000

121.5 2.1.1 

 (Taiwan Digital Bathymetry 

Model Version 6, TaiDBMV6, NCOR/ODB, 1998)

 (Measured & Estimated from gravity data derived from satellite altimetry and 

shipboard depth soundings, MESTv6.2, Smith and Sandwell, 1997) 5'×5' 

 (ETOPO5 5-minute gridded elevation data, ETOPO5, 

NOAA/NGDC, 1988)  (National Geophysical 

Data Center, NGDC)  ( )

2 26

105 122

1 1021×1441

2.1.1 
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10 D1

15

D2 2000

D1 D2  ( 2000 )

D1 ( 121.4493 22.409 ) D2 (

121.6795 21.11 )

2000

D1 2.1.2 2980

2000

Aanderaa Instruments three ducted paddlewheel recording 

current meters (RCMs)

2100 2550 RCMs 1

SeaBird SBE39 

D2 D1 2.1.3 

2750

D1 2007 7 D2 2007

4 2008 1 RCMs

SBE39 

D2 RCMs 2007 12
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19 SBE39

D1 RCMs SBE39 

D2 RCMs SBE39 D2

2007 12 19 RCMs

2.2

(internal tide)  (Duda et al., 2004; Ramp et al., 2004; 

, 2002) 2.2.1 RCMs

D1U D1  ( D1

D1U) 2700 D1D D1 

( D1 D1D) 2950 D2U

D2D D2  ( D2

D2U)  ( D2 D2D)

2100 2650 

15  (low-pass filtered)

RCMs

15  ( 2.2.2)

D1U D1D D2D RCMs 25

D2U 100

SBE39 2.2.3 (a)

15 D1U 
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1.697 D1D 1.640 D1U D1D

0.057 D1U D1D

2007 11 

2008 1 D2 D1

D1 D2U 2.173 

D2D 1.980 D2D RCMs

D2U D2D

0.193 2007 6 7 9 10 D2U D2D 

D1 

 (U)  (V)

15 2.2.3 (b) (c) D1U

0.74×10-2 m/s D1D 3.91×10-2 m/s D1U

D1D  ( 3.17×10-2 ms-1)

D2 U V D1 V

U D2U 14.38×10-2 ms-1

D2D 12.73×10-2 ms-1 D2U D2D

1.65×10-2 ms-1 D1

 (Progressive Vector Diagram  PVD

2.2.4) D1U 

( )  ( 200 ) D1D

700 D1U

D2 D2U D2D 

D1 D2U  ( )

3100 D2D
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3000 D1 D2

D1 D2

 (Y )

 (X )  ( 2.2.5) D1

80 D1 100

D2 45

D2 135

15

2.2.6 (a) D1U D1D

D2U D2D D1U 

-170  ( ) D1D

120 150  ( 2.2.6 (c)) D1

D2

D2 D2U

D2D D2U

0.13×10-2 ms-1 30.10×10-2 ms-1 D2D D2U

9.48×10-2 16.80×10-2 ms-1

D2 D1

D1 D2 

2.3

D1 80 D2 
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45 D1 D2

 ( 2.2.5)

2000

1'×1' 

111000 D1 2000

6.30×106 2.3 (a)

3300 D2

D1  ( 2.3 (b)) 2000

8.11×106

2000

 (2.3 )

2000
( ) + ( )2 m m 2

1 1 m m

2 m 2

1 1 m

b d d b bottom bottom

b 2000 b d d

b d b bottom

U Db 2000 b d

Vol V y dydzdx V y dydzdx

V dzdx+V dzdx
     (2.3) 

Vol  (m3s-1) V  (ms-1) VU VD

 (ms-1) x

 (m) y z  (m) b1 b2

dm  (m)

D1 2837 D2 2479

 ( 2.2.6 (b))

D2  (4 12 ) 1.08±0.32 Sv 2007

6 7 9 10 D1

D2  (8 1 )
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-0.09±0.03 Sv D1 D2

 (order) D1 

D2 

2000

2000

 ( 2 26

105 122 ) 2000 

1'×1' 

9.86×1011 D2 

2000

(1.10±0.32)×10-6 ms-1

2000

1.38×1015 D2

31 58

 ( 2.3)

Chen and Huang (1995)

1350

40  (2000)

1500 30

Qu et al. (2006)
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1500 30 Gong et al. (1992)

2000 40 115 Chao et al. (1996)

 (Climatology-Driven Circulation Model)

2000

45 83  (31 58 )

D2 2000

2.4

 (Ekman pumping)

(Geostrophic flow)  (Stommel, 1958)

QSCAT  (Quick Scatterometer)

 (National Aeronautics and 

Space Administration, NASA)

0.25°×0.25°

10

1999 7 19 2008 7 18 9

3.125 23.875 101.125

121.875 84×84

 (wind stress)

Kowalik and Murty (1993)

 (2.4.1 )
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10

10

2 2

x
a x

y
a y

x y

C Ww

C Ww

W w w

          (2.4.1) 

x y  (kgm-1s-2)

a  (kgm-3) W wx wy

 (ms-1) C10 10

(drag coefficient) Trenberth et al. (1989)

 (2.4.2 )

3 -1
10

3 -1
10

3 -1
10

0.49 0.065 10             10 ms

1.14 10                                3 10 ms
1.560.62 10                 3 ms

C W for W

C for W

C for W
W

         (2.4.2) 

(wind stress curl)

Cushman-Roisin (1994)

(2.4.3 )

1, 1, , 1 , 1

2 2

y y x xy x
i j i j i j i j

x y x y
             (2.4.3) 

y x

x y
 (Nm-3)
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(central difference)

(forward difference)  (backward difference) x y

 (m)

Cushman-Roisin (1994)  (2.4.4 )

0

1 y x

w
f x y

                    (2.4.4) 

w  (ms-1) o  (kgm-3) f

 (Coriolis parameter) s-1

2000

1.30×10-6 ms-1

(Naval Research Laboratory, NRL)

 (Generalized Digital Environment Model, GDEM)

0.25°×0.25°

3.25 24 101.25 122

84×84 

GDEM

 (Geopotential anomaly)

Pond and Pickard (1983)
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 (2.4.5 )

2

1

, , 35, 0, 

, , 
, , 

1

p

p

S T P P

S T P
S T P

D dp

         (2.4.5) 

D  (m2s-2)  (specific volume)  ( )

m3kg-1 S T P

35 psu 0 p  (db)

2000 200

5200 p1 p2

Pond and Pickard (1983)  (2.4.6 )

1 2
10( ) [ ]B AV V D D
Lf

                     (2.4.6) 

V1 V2

 (ms-1) f  (s-1) DA DB

 (m2s-2) L

 (m)
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rigid-lid assumption

 (2.4.7

)  (2.4.8 )

 (2.4.9 )

0 0
0

0 0
0

1

1

pf y v
x
pf y u
y

                    (2.4.7) 

0u v w
x y z

          (2.4.8) 

01 2
*

0 02
vw w w

z z f y
                 (2.4.9) 

u v w

 (ms-1) f0  (s-1) 0

(m-1s-1) 3.25

y*  (m) o

(kgm-3) p  (db) 2000

200

2000

0.30×10-6 ms-1

QSCAT 

(1.30×10-6 ms-1) GDEM 
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(0.30×10-6 ms-1) 2000

 (9.86×1011 ) 1.58 Sv

D2  (1.08±0.32 Sv)

2000 D2 
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2.1.1 2000

2000

D1

D2
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2.1.2 D1 2096 2551 RCMs

2097 2552 SBE39 2969

(Release)
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2.1.3 D2 2112 2599 RCMs

2113 2600 SBE39 2727

(Release)
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2.2.1

D1U

D2D

D2U

D1D
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2.2.2 D1U

D1D D2U D2D

15
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2.2.3 (a) 15 (b)

15 (c)

15
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2.2.4 (a) D1U (b) D1D 

(c) D2U (d) D2D 

(a) (b) 

(c) (d) 
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2.2.5  (Y )

 (X ) D1

100 D2 135

100

X

Y

X

Y

135

D1a

D1b 

D2a

D2b 
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2.2.6 (a) 15

(b) (c)
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2.3 (a) D1 2000

6.30×106 (b) D2 2000

8.11×106

(a)

(b)
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 (

2000 ) D2 

Emery (2001)

( 3.1)  (500 1500 )

 (Pacific Subarctic Intermediate Water, PSIW)  (California 

Intermediate Water, CIW)  (Eastern South Pacific 

Intermediate Water, ESPIW)  (Antarctic Intermediate Water,

AAIW)  (1500 )

 (Circumpolar Deep Water, CDW)

CTD (Conductivity, 

Temperature, Depth)  (T-S diagram)

 ( ) SeaBird 

CTD 2000

3.1.1 531

1.2 2.8 34.58 34.7 psu

3.1.2 (a)  (

0.1 2 34.62 34.73 psu )



30

 ( 5 12 33.8 34.3 

psu )  ( 3.1.2 (b))

(3.1.1 )

2

1 2000 2000

0

1

( ) ( )

      

( )

( )( )

      

2 m 2

1 1 m

b bottom bottom

o p cold SCS b

bottom
N i

b d b bottom
i

o p cold U Db 2000 b d

C T T V y dydzdxqQ
A SCS surface area

t z dz

bottomC T V dzdx+V dzdx
N

SCS surface area

      (3.1.1) 

Q  (Wm-2) q  (W) A

 (m-2) o  (kgm-3) Cp  (specific heat 

capacity) Jkg-1K-1 Tcold  ( ) D2 D2U

D2D  (2.077 ) TSCS

 ( ) GDEM

 (N)  (t)

3.1.3

10

20 10.60 V

 (ms-1) D2 D2U D2D  (VU VD)

x  (m) y z  (m) b1 b2

dm
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 (m) D2 2479

 ( 2 26

105 122 )

1'×1' 

3.53×1012

-10.5 Wm-2

 (National Center for Atmospheric Research, 

NCAR)  (Comprehensive Ocean-Atmosphere 

Data Set, COADS) 26.2 Wm-2

D2

 (-10.5 Wm-2) 40 %

60 %

 ( 2000 )

 (3.1.2 )

 (eddy diffusivity)

Wang (1986) Stommel (1958)

 (advection)  (diffusion)

 (3.1.3 )

2 2 2

2 2 2

T T T T T T Tu v w k
t x y z x y z

        (3.1.2)

2

2

T Tw k
z z

                   (3.1.3) 
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u v w

 (ms-1) T  ( ) k

m2s-1 GDEM 

2000

(1.10±0.32)×10-6 ms-1

2000 4 12  (12.12±3.24)×10-4 m2s-1
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3.1.1 CTD 2000

CTD
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3.1.2 (a) 1.2 2.8

34.58 34.7 psu (b) Emery (2001)

(a)

(b)



35

3.1.3

10 20
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3.1

Emery, W. J. (2001), Water types and water masses, Encyclopedia of 

Ocean Sciences, 6, pp.3182. 
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 ( 2000 )

2000

121.5 D1 D2 D1 

D2

2000

D1 D2

2000

D2 

1.08±0.32 Sv D1

-3.62×10-2 Sv (

) D1 D2 

D2 

D2 2000

1.10 (±0.32)×10-6 ms-1

31 58

Chen and Huang (1995)
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1350 

40  (2000)

1500

30 Qu et al. (2006)

1500 30

Gong et al. (1992)

2000

40 115 Chao et al. (1996)

2000 

45 83  (31 58 )

2000 QSCAT 

 (1.30×10-6 ms-1) GDEM 

 (0.30×10-6 ms-1)

2000  (9.86×1011 )

1.58 Sv D2 

(1.08±0.32 Sv)

2000

D2

1.2 2.8 34.58 34.7 psu

Emery (2001)

 ( 5 12 33.8 34.3 psu

)  ( 0.1 2
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34.62 34.73 psu )

D2  (-10.5 Wm-2) 40 %

 (26.2 Wm-2)

(Wang, 1986)

2000

(12.12±3.24)×10-4 m2s-1
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