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AB STRACT

Mea sure ments of me te o ro log i cal vari ables and sur face en ergy com po nents over the South China Sea (SCS) are com pared

with the NCEP-DOE AMIP-II reanalysis (NCEP2). The ob ser va tions were con ducted on a re search ves sel in the sum mers of

2004 and 2006. In ad di tion, a one-col umn ocean model is used to sim u late sur face en ergy com po nents and up per-level wa ter

tem per a tures (at 4 and 10 m depths). The sim u lated up per-level wa ter tem per a tures agree well with the ob ser va tions dur ing the

two cruises (OR1-728, OR1-802) with a root-mean-square dif fer ence (RMSD) smaller than 0.4 K. The ob ser va tions and the

sim u la tions show that the so lar ra di a tion (with a mean of ~200 W m-2) is stron ger than the la tent heat flux (~160 W m-2), and the

la tent heat flux is stron ger than the sen si ble heat flux (~10 W m-2) dur ing both pe ri ods. None the less, the mag ni tude of

vari abil ity in heat flux caused by the spo radic wind is not seen in the reanalysis, it ap pears in the tur bu lent heat flux sim u lated

by the model. The ma jor dif fer ences be tween the model es ti mate and the NCEP2 reanalysis are the value of emissivity and the

in clu sion of di ur nal cy cles in key vari ables, with the value of NCEP2 for emissivity as 1. The emissivity of this part of ocean is

observed to be 0.96 with albedo at 0.07.
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1. IN TRO DUC TION

Oceans pro vide the larg est sur face area for en ergy ex -

changes be tween the at mo sphere and Earth’s sur face and a

sink for air pol lut ants. The South China Sea (SCS) is the

larg est mar ginal sea, en com pass ing an area from Sin ga pore

to the Strait of Tai wan of around 3500000 km². More than

half of the world’s su per tanker traf fic passes through the

region’s wa ters. The SCS has depths that range from the

shallow est coastal fringe to 5377 m in the Ma nila Trench

(Mor ton and Blackmore 2001).

Nu mer ous stud ies have shown that the SCS plays an

important role for the evo lu tion of the East-Asia sum mer

monsoon (e.g., Lau et al. 1998; Wang et al. 2004; Shiau et al. 

2008). Over the SCS, me te o ro log i cal ob ser va tions are quite

sparse (Lin et al. 2002). For tu nately, global ocean sur face

me te o ro log i cal prop er ties have been de ter mined in di rectly

by sat el lites (Jo et al. 2004; Kawai et al. 2007; Zong et al.

2007) or through at mo spheric model reanalysis (Hsu et al.

1997; Kanamitsu et al. 1997, 2002; Simmons and Gib son

2000; Li 2001). Nev er the less, eval u a tion on such prod ucts

by com par i son with ob ser va tions over the ocean is lim ited

(Angelucci et al. 1998; Tsuang et al. 2008a).

In or der to study the spa tial and tem po ral vari a tions of

the me te o rol ogy, sur face en ergy com po nents, and skin sea

sur face tem per a ture (SSST) over the SCS, field cam paigns

were con ducted in the sum mers of 2004 and 2006. Dur ing

the field ex per i ments, so lar ra di a tion, at mo spheric ra di a tion, 

and com mon me te o ro log i cal vari ables were mea sured. In

ad di tion, a one-col umn ocean model was used to sim u late

the sur face tur bu lent heat fluxes and SSST over the SCS.

Our ob served me te o ro log i cal data and the cal cu lated sur -

face en ergy com po nents are com pared with the NCEP-DOE
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AMIP-II reanalysis (de noted as NCEP2) data (Kanamitsu

et al. 2002). Note the reanalysis data have been used ex -

tensively as ground truth data for var i ous pur poses (e.g.,

Escoffier and Pro vost 1998; Wanninkhof et al. 2004; Feely

et al. 2006; Mc kin ley et al. 2006; Midorikawa et al. 2006;

Park et al. 2006; Zhang and Li 2008).

2. SOUTH CHINA SEA EX PER I MENT

Two re search voy ages were con ducted on 15 Au gust to

2 Sep tem ber 2004 (OR1-728) and 19 July to 2 Au gust 2006

(OR1-802) over the SCS (Fig. 1). The re search ves sel, Ocean

Re searcher 1 (R/V OR1) was op er ated by the Na tional

Taiwan Uni ver sity with sup port from the Tai wan Na tional

Science Coun cil, cruised over the SCS Ba sin. The routes of

the cruises are shown in Fig. 1.

R/V OR1 was equipped with sev eral sets of in stru -

ments, in clud ing a nav i ga tion sys tem, depth-sounder, ADCP 

(Acous tic Dopp ler Cur rent Profilers) (King et al. 1996), and

CTD (Con duc tiv ity Tem per a ture Depth). Sim i lar mea sure -

ments were pre vi ously made in the SCS (Uu and Brankart

1997) and in the Tai wan Strait (Wang et al. 2003). On the

ship, stan dard me te o ro log i cal pa ram e ters as well as so lar

radiation, at mo spheric ra di a tion, and sur face wa ter tem -

perature were mea sured (Fig. 2). Both air tem per a ture and

wind speeds were mea sured at 15 m above sea sur face level

(asl). Bulk sur face wa ter tem per a tures at 4, 10, and 15 m

depths were mea sured by the CTD at each stop. Down ward

short wave and longwave ra di a tions were mea sured with

an Eppley Pyranometer (PSP, EPLAB, USA) and an Eppley

Pyrgeometer (PIR, EPLAB, USA) (Rozwadowska 2004),

re spec tively. The ob served wave lengths of the pyranometer

are 0.3 - 3 mm with an ac cu racy of ±0.5%, and the ob served

wave lengths of the pyrgeometer are 3 - 50 mm with an ac cu -

racy of ±1%. All the ra di a tion sen sors were mounted on a

mast at 7 m asl with an arm of 2 m ex tended from the left

bow of the ship edge.

Dur ing the sec ond cruise (OR1-802) in 2006, the Eddy

Covariance Sys tem (ECS) was in stalled onboard. It was

mounted at 12 m above the sea sur face. The ECS con sisted

of 2 fast-re sponse in stru ments: a 3-D ul tra sonic an e mom e ter 

(81000, Young, USA) and an open path in fra red hygro -

meter/CO2 sen sor (7500, LICOR, USA). The an e mom e ter

measures three or thogo nal wind com po nents (u, v, w) and

vir tual air tem per a ture at 10 Hz. The open path in fra red hy -

grom e ter sen sor mea sures the con cen tra tions of wa ter va por

also at 10 Hz. In ad di tion, a Gyro en hanced ori en ta tion sen -

sor (3DM-G, MicroStrain, USA) was in stalled 2 m be low the 

3-D an e mom e ter to mea sure the ship ro ta tion an gles (roll,

pitch, yaw) at 10 Hz. Us ing GPS and Gyro data, the mea -

sured wind vec tor was cor rected for ship move ment ac -

cording to Edson et al. (1998). ECS has been ap plied over

the sea for mea sur ing tur bu lent fluxes by Kowalski (2001),

McGillis et al. (2001) and Blomquist et al. (2006). Us ing the

ECS, fric tion ve loc ity (u*), sen si ble heat flux (H) and la tent

heat flux (LE) can be de ter mined as:

(1)

(2)

(3)

where u', v', and w' are the fluc tu a tions of E-W, S-N, and ver -

ti cal wind com po nents (m s-1), re spec tively. ra is the den sity

of air (kg m-3) and ca the spe cific heat ca pac ity at con stant

pres sure (J kg-1 K-1). Lv is the la tent heat of evap o ra tion of

wa ter. q '  and q '  de note fluc tu a tions in po ten tial tem per a ture

(K) and spe cific hu mid ity (kg kg-1), re spec tively. In ad di -

tion, un der the as sump tion of the mean ver ti cal ve loc ity be -

ing zero, two-axis co or di nate ro ta tion is ap plied to all ECS

es ti mates ac cord ing to Wilczak et al. (2001).

3. ONE-COL UMN OCEAN MODEL

A one-col umn ocean model (Tu and Tsuang 2005) was

used to sim u late the SSST and sur face en ergy com po nents.

The model was pre vi ously tested at a TOGA site. The sea

wa ter tem per a ture (T), cur rent (
v
u), and sa lin ity (S) are de ter -

mined (Mar tin 1985; Gaspar et al. 1990) as:

(4)

(5)

(6)

where Rsn is net so lar ra di a tion at the sur face (W m-2); F(z)

is the frac tion (dimensionless) of Rsn that pen e trates to the

depth z; kh and km are eddy dif fu sion co ef fi cients for heat

and mo men tum (m2 s-1), re spec tively. The value of kh

within the cool skin and that of km within the vis cous layer

are set to zero. That is, mo lec u lar trans port is the only

mech a nism for the ver ti cal dif fu sion of heat and mo men -

tum in the cool skin and in the vis cous layer, re spec tively

(Hasse 1971; Grassl 1976; Wu 1985). The mo lec u lar dif fu -

sion co ef fi cient for mo men tum nm is set at 1.20 ́  10-6 m2 s-1,

and that for heat nh is set at 1.34 ´ 10-7 m2 s-1 (Mellor and

Durbin 1975; Paulson and Simpson 1981; Chia and Wu 1998).

rw0 is the den sity (kg m-3) of the wa ter and cw the spe cific

heat ca pac ity at con stant pres sure (J kg-1 K-1). S is sa lin ity

(‰), 
v
u is cur rent ve loc ity (m s-1), f is the Coriolis pa ram e ter

(dimensionless), and $k is the ver ti cal unit vec tor (m s-1).
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The eddy diffusivity for mo men tum km is sim u lated by

an eddy ki netic en ergy ap proach based on the Prandtl-

 Kolmogorov hy poth e sis as:

(7)

where ck = 0.1 (Gaspar et al. 1990), lk is a mix ing length (m),

and E is tur bu lent ki netic en ergy, E = 0.5 ( )' ' 'u v w2 2 2    + +  .

The tur bu lent ki netic en ergy (E) is de ter mined by a one-

 dimensional equa tion (Mellor and Yamada 1982) as:

(8)

where ce = 0.7 (Bougeault and Lacarrere 1989; Gaspar et al. 

1990); g is grav ity (m s-2); rw is the den sity of wa ter (kg m-3);

and le is a char ac ter is tic dis si pa tion length (m). Mix ing

length (lk) and dis si pa tion length (le) are de ter mined ac -

cord ing to Gaspar et al. (1990). This ap proach is valid for

de ter min ing eddy diffusivity of both the ocean mixed layer

and the sur face layer. The re la tion ship be tween km and kh is

de ter mined ac cord ing to the Prandtl num ber (Mellor and

Yamada 1982; Mar tin 1985; Gaspar et al. 1990; Pinazo et

al. 1996; Leredde et al. 1999) as:

(9)
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Fig. 2. Ap pear ance of R/V OR1 and it’s equipped in stru ments, in cludes 

Eddy Covariance Sys tem (ECS), 3-D ul tra sonic an e mom e ter (81000,

Young, USA) and an open path in fra red hy grom e ter/CO2 sen sor (7500, 

LICOR, USA), Eppley Pyranometer (PSP, EPLAB, USA) and an

Eppley Pyrgeometer (PIR, EPLAB, USA).

Fig. 1. Bathymetry (shaded plot in m) and cruise tracks of OR1-728 in 2004 and OR1-802 in 2006.



where Prt is tur bu lent Prandtl num ber (dimensionless). An

unity value for Prt is used in this study. The unity value is

used in many re cent nu mer i cal mod els (Gaspar et al. 1990;

Pinazo et al. 1996; Leredde et al. 1999) and has been ob -

served in ocean data (Gregg et al. 1985; Pe ters et al. 1988),

al though Mellor and Yamada (1982) and Mar tin (1985)

used a value of 0.8. The thick ness of the ocean cool skin is

de ter mined ac cord ing to Artale et al. (2002), which is a

method valid for wind speed lower and higher than 8 m s-1

(Tu and Tsuang 2005). In ad di tion, the sur face ef fec tive

thick ness for oceans (Tsuang et al. 2008b) is used to dis -

cretize the heat dif fu sion equa tion for the up per most nu -

mer i cal layer.

The fric tion ve loc ity, Monin-Obukhov length, sur face

la tent and sen si ble heat fluxes were de ter mined ac cord ing to

the sim i lar ity the ory (Businger et al. 1971) with the mod i -

fied sta bil ity func tion of Brutsaert (1982, 1992). Sur face

rough ness (z0) was de ter mined ac cord ing to Kraus and

Businger (1994) as:

(10)

In the model, 9-band ab sorp tion co ef fi cients of so lar ra di a -

tion are set ac cord ing to Soloviev and Schlussel (1996),

with the first band to be the same as in Fairall et al. (1996).

At the sur face, net non-so lar sur face heat flux Qns (W m-2) 

(pos i tive down ward), is given by:

Qns  =  Rld  -  Rlu  -  H  -  LE (11)

It is the sum of at mo spheric longwave ra di a tion (Rld), ter -

res trial longwave ra di a tion (Rlu), sen si ble heat flux (H),

and la tent heat flux (LE) at the sea sur face. The ter res trial

longwave ra di a tion can be de ter mined ac cord ing to the

Stefan-Boltzman law as:

Rlu  =  es Ts
4 (12)

where e is the emissivity of ocean as 0.96 (dimen sion -

less), and s is the Stefan-Boltzman con stant as 5.67 ´

10-8 W m-2 k-4.

The model de ter mines the ver ti cal pro files of tem per a -

ture and mo men tum of a wa ter col umn from the sur face

down to 15 m depth. In the model, wa ter tem per a tures at

depths equal to or deeper than 15 m are up dated ac cord ing to

the ob ser va tions. Set ting such a bound ary con di tion re duces

the er ror of SSST sim u la tion, since hor i zon tal advection

heat flux is not in cluded in the one-col umn ocean model. Sa -

lin ity is set at 34.26‰, ob served by the CTD. A very fine

36-layer ver ti cal discretization is set, used in the up per 15 m

of the ocean. The 36 lay ers are at the sur face, and at depths of 

50, 150, 250, 350, 450, 550, 650, 750, 850, 950 mm, 1.5, 2.5,

4, 7.5 mm, 1.5, 2.5, 4, 7.5, 15, 25, 35, 45, 55, 65, 75, 85, 95

cm, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, and 9.5 m. A 900 s

model time step (as in Gaspar et al. 1990) is used.

The model in puts are wind speed, hu mid ity, sur face air

tem per a ture, at mo spheric pres sure, net so lar ra di a tion, at -

mo spheric ra di a tion and lower bound ary wa ter tem per a -

ture. The out puts of the model in clude sur face tur bu lent

heat fluxes, fric tion ve loc ity, sta bil ity, aero dy namic re sis -

tance, wa ter tem per a ture, wa ter sa lin ity and cur rent ve loc -

ity. The ob served me te o ro log i cal data (wind speed, hu mid -

ity, sur face air tem per a ture, at mo spheric pres sure, in com -

ing so lar ra di a tion, and at mo spheric ra di a tion) were used to 

drive the one-col umn ocean model. Miss ing val ues were

filled by the NCEP2 data or the same lo cal time data in the

pre vi ous days. For eval u a tion of the model, ter res trial long -

wave ra di a tion, sen si ble heat flux, and la tent heat flux are

com puted from the model SSST and com pared against the

di rect mea sure ments.

4. RE SULTS AND DIS CUS SION

Here the mea sure ments are pre sented and com pared

with those of the NCEP2 reanalysis and those sim u lated by

the one-col umn ocean model.

4.1 Ob served Me te o ro log i cal Fac tors and Sur face
En ergy Com po nents

The SCS is largely con fined within the Tropic of Can -

cer; there fore, it ex pe ri ences a mon soonal cli mate due to the

ef fects from the sum mer south west mon soon (Mor ton and

Blackmore 2001; Jilan 2004). The me te o ro log i cal con di -

tions ob served dur ing the two cruises are listed in Ta ble 1

and shown in Figs. 3 and 4. On sunny days, on OR1-728, the

in com ing so lar ra di a tion reached 850 W m-2 and on OR1-

 802, it reached 1000 W m-2. There were sev eral over cast

periods dur ing the cruises (18 and 28 Au gust 2004, 21 and

29 July 2006). Dur ing these over cast pe ri ods, the mag ni tude

of so lar ra di a tion was much lower than in other pe ri ods

where cloud cover ap proached 100% ac cord ing to NCEP2.

Dur ing clear sky con di tions, the in com ing so lar ra di a tion

was about 990 W m-2 at noon on 19, 20, 31 July, and 1 Au -

gust 2006. This value is close to the val ues on clear-sky days

(2 and 22 May, 29 June 1998) ob served at Dungsha Is land

(20°42’N, 116°43’E) (Lin et al. 2002) dur ing the SCS mon -

soon ex per i ment (May - June 1998). Lester and Myers

(2006) in di cate ac cu rate global so lar ra di a tion mea surements

are cru cial to cli mate change re search and de vel op ment of

so lar en ergy tech nol o gies. So lar ra di a tion is also im por tant

data for our model for es ti mat ing SSST.

The rep re sen ta tive albedo dur ing the two cruises was

0.07 - 0.08 dur ing day light hours (10 am - 4 pm). The ob -

served di ur nal pat tern of albedo was U-shaped with the min -

i mum at 0.04 at noon, and the max i mum at 0.3 at sun rise and

328 Lan et al.



sun set. Payne (1972) uses a fixed plat form data to ex press

albedo in terms of a par tic u larly con ve nient pair of para -

meters and in di cates the sub trop ics mean albedo is 0.06 in

the sum mer for the At lan tic Ocean.

Dur ing both cruises, the near-sur face air tem per a ture

was be tween 298 and 305 K. The high est tem per a ture oc -

curred along the coast, in the north ern part of the SCS on

OR1-728 and in the Viet nam neritic zone on OR1-802. The

low est tem per a ture oc curred in the cen tral part of the SCS,

where it is deep est. On OR1-728 the av er age air tem per a ture

was 301 ± 0.2 K, the at mo spheric pres sure was 1007 ± 3 hPa, 

and the sea sur face spe cific hu mid ity (q) was 20 ± 1 g kg-1.

The ob served spe cific hu mid ity is close to the value at 18 -

20 g kg-1, com piled in the Com pre hen sive Ocean-At mo -

sphere Data Set (COADS), over the SCS in 1988 - 1993

(Jones et al. 1999). The av er age wind speeds of the two

cruises were 9 ± 3 and 9 ± 5 m s-1 with pre vail ing winds from

the south west dur ing both cruises. This is con sis tent with

Mor ton and Blackmore (2001).

The SSST was cal cu lated from ob served Rlu ac cord ing

to Eq. (12) with the emissivity at 0.96 (Fig. 5). Us ing the

emissivity at 0.96, the de rived SSST was slightly lower the

wa ter tem per a ture at 4-m depth by about 0.2 K most of the

time. The dif fer ence is due to the cool skin mech a nism, well

rec og nized in the lit er a ture (e.g., Donlon et al. 2002). Sub -

rahamanyam and Ramachandran (2002) set the emissivity at 

0.95 dur ing the In dian Ocean Ex per i ment on the re search

ves sel, Ocean Re search 1 (R/V OR1). In global emissivity

datasets, the emissivity over SCS is set at 0.92 - 0.93 in

Zhang et al. (2004) and 0.99 in Wilber et al. (1999), based on 

emissivity in ven tory. In ad di tion, Fig. 5 also shows the ob -

served wa ter tem per a tures at 4-, 10-, and 15-m depths at

stops. The fig ure shows that the wa ter tem per a ture was the

high est in the north SCS (15 - 20°N), the sec ond high est in
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Fig. 3. Com par i son of me te o ro log i cal vari ables ob served dur ing the OR1-728 cruise in 2004 with those from the NCEP2 reanalysis, where “obs” is

thin line con tain ing square (     ) de notes the ob ser va tions made es pe cially for the cam paign dur ing the cruise, and the thick line (¾) or cir cle (d) is

NCEP2 reanalysis.

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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Fig. 4. Same as Fig. 3 but for the OR1-802 cruise in 2006. The thin line con tain ing square (     ) is ob served data; the thick line (¾) or cir cle (d) is

NCEP2 reanalysis, and the thin line con tain ing di a mond (     ) is ECS ob served data.

(a)

(b)

(c)

(d)

(e)

(f)

(g)



the south SCS (6 - 10°N) and the low est in the cen tral SCS

(10 - 15°N). Note that in the cen tral SCS, the depth is much

deeper than in the north and south SCS. This is con sis tent

with the World Ocean At las 2005 dataset (Locarnini et al.

2006). Uu and Brankart (1997) ob served the wa ter tem per -

a ture at 10-m depth by with CTD in the sum mer over the

SCS in the range from 301 - 302 K, which is also in the same

range to this study.

With re spect to the sur face en ergy com po nents (so lar

radiation, at mo spheric longwave ra di a tion, ter res trial long -

wave ra di a tion, la tent heat flux, and sen si ble heat flux), the

ob ser va tions show that so lar ra di a tion is stron ger than la tent

heat flux, and la tent heat flux is stron ger than sen si ble heat

flux (Figs. 3, 4, 6, 7, and Ta ble 1). Dur ing the day, so lar

radiation is stron ger than ter res trial ra di a tion, and the ter -

res trial ra di a tion is stron ger than at mo spheric ra di a tion. At

night, when there is no so lar ra di a tion, ter res trial ra di a tion is

stron ger than at mo spheric ra di a tion.

The mean fric tion ve loc ity dur ing the sec ond cruise was

ob served to be 0.4 ± 0.2 m s-1, the mean la tent heat flux 160

± 156 W m-2, and the mean sen si ble heat flux 10 ± 22 W m-2

(Ta ble 1). McGillis et al. (2004) mea sured me te o ro log i cal

con di tions di rectly, la tent heat flux and sen si ble heat flux, on 

the NOAA ship Ron ald H. Brown dur ing GasEx-2001 in the

east ern equa to rial Pa cific Ocean, their ob served wind speed

was rel a tively low at 6.1 ± 1.3 m s-1 with fric tion ve loc ity,

latent heat flux and sen si ble heat flux at 0.2 ± 0.17 m s-1,

83.2 ± 51.3, and 4.4 ± 7.1 W m-2, re spec tively. The average

wind speed of this study was 1.5 times than that of McGillis 

et al. (2004), and the fric tion ve loc ity, la tent heat flux and

sen si ble heat flux were 1.5 - 2.0 times than those of their

stud ies. Subrahamanyam and Ramachandran (2002) showed 
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Fig. 5. Com par i son of sim u lated wa ter tem per a tures at 4, 10, and 15 m depths with ob ser va tions dur ing OR1-728 (2004) and OR1-802 (2006) cruises.

Note that the ob served tem per a ture at 15-m depth is set as the lower bound ary con di tions for the sim u la tion. The square (U) is ob served data; the

thick line (¾) is model sim u la tion and cir cle (d) is NCEP2 reanalysis.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Fig. 6. Com par i sons of cal cu lated ter res trial longwave ra di a tion (Rlu), fric tion ve loc ity (u*), sur face la tent heat flux (LE), and sur face sen si ble heat flux 

(H) with ob ser va tion (obs.), model es ti ma tion (cal.), and NCEP2 data dur ing OR1-728 (2004) and OR1-802 (2006) cruises. The square (U) is ob -

served data; the red thick line (¾) is model sim u la tion and cir cle (d) is NCEP2 reanalysis.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)



that ob served la tent heat flux and sen si ble heat flux over at

around the equa tor in the In dian Ocean in the spring 1999

were at 137 and 17 W m-2, re spec tively. The mag ni tudes of

la tent and sen si ble heat fluxes were close to this study.

The fric tion ve loc ity was lower than 0.1 m s-1 when wind

speed was lower than 3 m s-1. Fig ure 8 shows that the fric tion

ve loc ity and la tent heat flux both in creased with wind speed,

of which the cor re la tion co ef fi cient (r) of wind speed with

fric tion ve loc ity is 0.5, and with sur face la tent heat flux is

0.24. This is rea son able since ac cord ing to the sim i lar ity the -

ory (Businger et al. 1971), fric tion ve loc ity and tur bu lent heat

fluxes (sur face la tent heat flux and sur face sen si ble heat

flux) should in crease with wind speed un der the con di tions

that the other vari ables re main un changed. Subrahamanyam

and Ramachandran (2002) also found that fric tion ve loc ity

and la tent heat flux both  in creased with wind speed. None the -
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Fig. 7. Com par i son of di ur nal com pos ites of me te o ro log i cal vari ables and sur face heat fluxes be tween model es ti ma tion (cal.) and NCEP2 dur ing

OR1-728 (2004) and OR1-802 (2006) cruises. The thin line con tains tri an gle (     ) is ob served data in 2004; the thin line con tains cir cle (      ) is ob -

served data in 2006; the thick bro ken line (-- --) is model sim u la tion in 2004; the thin bro ken line (- -) is model sim u la tion in 2006; tri an gle (V) is

NCEP2 reanalysis in 2004 and cir cle (d) is NCEP2 reanalysis in 2006.
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less, Fig. 8 also shows that the cor re la tion co ef fi cient of wind

speed with sur face sen si ble heat flux is -0.18, and with SSST

is -0.16. This is likely due to that high wind speed caused

higher up ward la tent heat flux. As a re sult, more en ergy was

re leased into the at mo sphere, and SSST de creased. Then, sur -

face sen si ble heat flux de creased due to the de creased SSST.

The high est la tent and sen si ble heat fluxes oc curred at

10 am 26 July 2006, when the wind speed was as high as

10 m s-1 (Fig. 6). Sur face la tent flux was 630 W m-2 and sur -

face sen si ble flux was 93 W m-2 at 10 am. On that day, wind

speed was high (> 10 m s-1), and both air tem per a ture and

spe cific hu mid ity dropped by 3 K and 1.1 g kg-1, re spec -

tively, com pared to the pre vi ous day (Fig. 4). None the less,

the SSST was about the same as the pre vi ous day. As a re -

sult, the larg est tur bu lent heat fluxes were gen er ated.

4.2 Eval u a tion of the NCEP2 Data

The me te o ro log i cal vari ables ob served dur ing the cruises 

are close to those of the NCEP2 (Ta ble 2 and Figs. 3, 4). The

RMSDs be tween NCEP2 and ob ser va tions were 0.8 K for

air tem per a ture dur ing the sec ond cruise, 1 K for SSST, 4 m s-1

for wind speed, about 1.2 g kg-1 for spe cific hu mid ity dur ing

the first cruise and about 6 hPa for at mo spheric pres sure.

These dif fer ences are close to those re ported over other

oceans (Miller and Katsaros 1992; Hsu et al. 1997; Jones et

al. 1999; Zong et al. 2007). How ever, NCEP2 sys tem at i cally 

un der es ti mates the wind speed by 1 - 2 m s-1 most of the

time, over es ti mates at mo spheric down ward longwave ra di a -

tion by 31 W m-2, and over es ti mates ter res trial up ward long -

wave ra di a tion by 20 W m-2.

The stan dard de vi a tions (STD) of the most mete oro -

logical vari ables over the sea were small. There fore, the

nor malized RMSD (i.e., RMSD/STD) of those vari ables

were large (0.4 ~ 3.3). It im plies that al though NCEP2 cor -

rectly re pro duces the mag ni tudes of the me te o ro log i cal va -

riables over the SCS, it is un able to re pro duce the de tails of

the fluc tu a tions of these vari ables. Much larger di ur nal fluc -

tu a tions of air tem per a ture, at mo spheric pres sure and wind

speed were ob served dur ing the cruises than those re ported

in NCEP2 (Figs. 3, 4). Moore and Renfrew’s (2002) com -

par i son with in situ data shows the sur face layer mete oro -

logical fields are rea son ably well rep re sented in the NCEP-

 NCAR reanalysis. Be sides, it was found that NCEP2 un der -

es ti mated at mo spheric pres sure over the seas for lo ca tions

near coast such as Viet nam and Pearl River Ba sin on 25, 26,

and 30 Au gust 2004 and 28 July 2006, which was likely due

to the coarse res o lu tion (~1.875 de gree) of the land-sea mask 

of NCEP2.

The SSST of NCEP2 was close to ob ser va tions with a
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Fig. 8. Ob served fric tion ve loc ity (u*), sur face la tent heat flux (LE), sur face sen si ble heat flux (H) and SSST as func tions of wind speed dur ing the 19

July to 2 Au gust 2006 over the SCS (the OR1-802 cruise).
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RMSD of 1 K and a cor re la tion co ef fi cient of 0.7 for

OR1-728; for OR1-802 the RMSD was sim i lar (0.9 K), but

the cor re la tion co ef fi cient was 0.1 (Ta ble 2 and Fig. 5).

The rep re sen ta tive albedo dur ing the two cruises was

0.07 - 0.08 dur ing day light hours (10 am - 4 pm), close to the

value of 0.06 at 1100 LT. used in NCEP2.

The bias and RMSD of the sen si ble heat flux be tween

NCEP2 and ob ser va tions are 0 and 11 W m-2, re spec tively,

and those of the la tent heat flux are 12 and 82 W m-2, re -

spec tively, dur ing the sec ond cruise. Sen si ble heat flux and

la tent heat fluxes at ocean sur face are con sid er ably dif fer -

ent be tween the Data As sim i la tion Of fice (NASA/DAO)

and NCEP reanalyses com pared by Bony et al. (1997), they

in di cate that the two heat fluxes of NCEP are over es ti mated 

by 3 and 20 W m-2 than DAO, re spec tively. Their cor re la -

tion co ef fi cients were within 0.05 - 0.45. The RMSD of the

heat flux is close to the monthly RMSD within 2 - 10 W m-2

for the pe riod 1993 - 1999 re ported in Jo et al. (2004). Jo et

al. (2004) cal cu lated the sen si ble heat flux us ing sat el lite

multi- sen sor data. Moore and Renfrew (2002) also in di -

cated that the sur face la tent heat flux on the North At lan tic

and North Pa cific Oceans from the NCEP-NCAR re an alysis

is over es ti mated.

4.3 Eval u a tion of the One-Col umn Ocean Model
Re sults

Fig ure 5 and Ta ble 3 show com par i sons of SSST, wa ter

tem per a tures at 4- and 10-m depths be tween ob ser va tions

and sim u la tions. The sim u lated up per-level wa ter tem per a -

tures (at 4 and 10 m depths) agree well with the ob ser va tions

dur ing the two cruises (OR1-728, OR1-802) with a RMSD

of smaller than 0.4 K. The larg est dis crep an cies were found

on 17 and 26 Au gust 2004 and 30 July 2006, when the wa ter
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tem per a ture changed sig nif i cantly along the route. This is

not un ex pected, as the one-col umn ocean model as sumes

no- hor i zon tal advection in the sea water.

Fig ure 9 shows the ver ti cal pro files of sim u lated and

observed wa ter tem per a ture on 23 and 27 July 2006. On 23

July, the wind speed was strong (> 9 m s-1), but on 27 July,

the wind speed was weak (< 5 m s-1). Be low the sea sur face,

sea wa ter tem per a tures were mea sured by the CTD tem per a -

ture sen sor SBE 3plus, the ac cu racy of which was at ±0.001 K.

The bias of tem per a tures be tween ob ser va tion and sim u la -

tion is within 0.1 K be low sea sur face. The sim u lated SST

over es ti mates than ob ser va tion about 0.13 K on 2400 23

July 2006. The er ror range is close to the model re sult of

Shinoda and Hen don (1998). It can be seen that both the

observed and sim u lated 4-m wa ter tem per a tures (so called

Bulk SST; BSST) did not show sig nif i cant di ur nal vari a tion,

with vari a tion smaller than 0.5 K. In con trast, sig nif i cant

diurnal vari a tion was shown at SSST, with vari a tion about

0.7 K when the wind was weak. It can be seen that the model

sug gests a warm layer ex ist ing within the depth from 0 to

4 me ters dur ing the day, and a cool skin ex ist ing within the

top 1 mm dur ing both day and night, which causes the SSST

to be dif fer ent from BSST ob served at 4-m depth. Note that

SSST is a very im por tant fac tor for de ter min ing the air-sea

ex changes of tur bu lent heat fluxes and tracer gases (e.g.,

CO2) (e.g., Weiss 1974; Wanninkhof et al. 1992). In cor po -

rat ing a high ver ti cal res o lu tion model for up per sea tem per -

a ture sim u la tion such as that con ducted in this study can be

better than us ing BSST for this pur pose. Web ster et al.

(1996) in di cate that an er ror of 1 K in SSST can lead to an

error of 27 W m-2 in net sur face heat flux in the trop i cal

western Pa cific.

Fig ure 6 and Ta ble 3 show com par i sons of fric tion ve -

loc ity, la tent heat flux, sen si ble heat flux and ter res trial

longwave ra di a tion be tween ob ser va tions and sim u la tions.

Their RMSDs are 0.2 m s-1, 150, 22, and 4 W m-2, with cor re -

la tion co ef fi cients at 0.51, 0.32, 0.39, and 0.57, re spec tively,

dur ing the sec ond cruise in 2006. The high est tur bu lent heat

fluxes were ob served on 26 July 2006, which are re pro duced 

by the one-col umn ocean model (Fig. 6).

The cor re la tion co ef fi cient of sim u lated SSST with

that of NCEP2 is 0.29, and with ob served air tem per a ture is 

0.52 (Ta ble 4 and Fig. 5). The am pli tude of the di ur nal

com pos ite SSST is weak at 0.15 K when the wind speed is

higher than 9 m s -1, but it be comes sig nif i cant when wind

speeds are low (< 5 m s-1). For ex am ple, on 27 July 2006,

when wind speeds were low, the cal cu lated am pli tude of

SSST was 1.5 K and ob served 3 K (Figs. 4, 5). This phe -

nom e non is not seen in the NCEP2. A sim i lar con clu sion

was noted by Kawai and Wada (2007), who show that di ur -

nal SSST warm ing be comes ev i dent when the sur face wind

is weak and in su la tion is strong. On 26 July 2006, both the

ob served air tem per a ture and the SSST (de rived for ter res -

trial longwave ra di a tion mea sure ment) dropped by 4 K.
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This phe nom e non was also not shown in NCEP2, but cap -

tured slightly by the model.

The cor re la tion co ef fi cient of the hourly la tent heat flux

es ti ma tions be tween the model sim u la tion and ob ser va tions

is 0.3 with the RMSD at 150 W m-2 and the bias of 20 W m-2.

The cor re la tion co ef fi cient of the hourly la tent heat flux es ti -

ma tions be tween model es ti ma tion and NCEP2 is 0.21 in

Table 4. Sea sur face la tent heat flux, one of the dom i nant

components in the sur face en ergy bal ance, plays a key role

in the ocean and at mo sphere (Peixoto and Oort 1992).

Ta ble 4 shows the cor re la tion ma trix of vari ables such

SSST, fric tion ve loc ity, sur face la tent heat and sur face sen -

sible heat flux. It can be seen that the ob ser va tions are more

strongly cor re lated to the sim u la tion by the one-col umn

model, pre sented in this study, than they are to NCEP2. This

im plies that cou pling a di ur nal re solv ing ocean sub-model to 

a reanalysis model can be better than us ing pre scribed SSST

such as in cur rent reanalysis.

5. CON CLU SIONS

The me te o ro log i cal vari ables and sur face en ergy com -

po nents of the NCEP-DOE AMIP-II reanalysis over the

South China Sea are found to com pare rea son ably with ob -

ser va tion and ob ser va tion-de rived fluxes taken driv ing two

re search cruises in the sum mers of 2004 and 2006. A sin gle

col umn ocean model forced with the ob ser va tion, are used to 

sim u late the up per-level wa ter tem per a ture. The sim u lated

up per-level wa ter tem per a tures (at 4 and 10 m depths) of the

two cruises agree well with avail able di rect ob ser va tions and 

NCEP2, with an RMSD smaller than 0.4 K.

The ma jor dif fer ences be tween the model es ti mate and

the NCEP2 reanalysis are the value of emissivity and the

inclusion of di ur nal cy cles in key vari ables. The NCEP2

value for emissivity is 1, while the ob served value is 0.96

with albedo at 0.07. None the less, NCEP2 sys tem at i cally

underestimates the wind speed by 1 - 2 m s-1 most of the

time, over es ti mates at mo spheric down ward longwave ra -

diation by 31 W m-2, and over es ti mates ter res trial up ward

longwave ra di a tion by 20 W m-2.

Over the SCS, a di ur nal cy cle was ob served in sur face

air tem per a ture (OR1-728, OR1-802), sea sur face tem per a -

ture (OR1-728, OR1-802), ter res trial longwave ra di a tion,

at mo spheric ra di a tion, sur face la tent heat flux (OR1-728)

and sur face sen si ble heat flux (OR1-728). A semi-di ur nal

(12 h) was ob served in sea sur face pres sure (OR1-728,

OR1-802), sur face spe cific hu mid ity (OR1-728), and sen si -

ble heat flux (OR1-728). Spo radic high wind-speed pe ri ods

were also ob served dur ing the cruises (Figs, 3, 4, 6, 7). The

high est peak in sen si ble and la tent heat flux oc curred on 26

July 2006, caus ing the air tem per a ture to drop rap idly. The

av er age albedo of two cruises was 0.07 - 0.08 be tween 10 am 

and 4 pm. Both NCEP2 and the model sim u la tion show that

so lar ra di a tion is stron ger than la tent heat flux, and la tent

heat flux is stron ger than sen si ble heat flux. None the less,

due to the spo radic wind speed ob served in fluc tu a tion me te -

o ro log i cal vari ables, such as sur face pres sure and wind

speed, high fre quency also ap pear in the tur bu lent heat

fluxes es ti mated by the model, which are not seen in the

reanalysis.

A di ur nal cy cle is pres ent in ob served and sim u lated

vari ables such as air tem per a ture and SSST, but is not found

in the NCEP2 (Fig. 7). As a re sult, fluxes in the NCEP2 are

weaker than ob served, thus it is im por tant to in cor po rate the

di ur nal cy cle in SSST in fu ture reanalysis. The de vel op ment

of a di ur nally re solved SSST data set is a cur rent fo cus of

research (Curry et al. 2004; Tu and Tsuang 2005; Clayson

and Weitlich 2007; Kawai and Wada 2007).
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Fig. 9. The ver ti cal pro files of sim u lated wa ter tem per a tures com pared with ob ser va tion in cases of strong wind (> 9 m s-1) and weak wind (< 5 m s-1)

over the South China Sea in 2006. The bro ken line (- -) is day time model sim u la tion; cir cle (d) is day time ob served data; the thick line (-) is night time 

model simulation, and tri an gle (V) is night time ob served data.
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