Terr. Atmos. Ocean. Sci., Vol. 21, No. 2, 325-342, April 2010 doi: 10.3319/TA0.2009.04.07.01(A)

Observation and Simulation of Meteorology and Surface Energy Components
over the South China Sea in Summers of 2004 and 2006

Yung-Yao Lan', Ben-Jei Tsuang" ", Chia-Ying Tu? Ting-Yu Wu',
Yuan-Long Chen', and Cheng-I Hsieh*

! Department of Environmental Engineering, National Chung Hsing University, Taichung, Taiwan, ROC
2 Tuiwan Typhoon and Flood Research Institute, Taichung, Taiwan, ROC
? Department of Bioenvironmental Systems Engineering, National Taiwan University, Taipei, Taiwan, ROC

Received 5 December 2008, accepted 7 April 2009

ABSTRACT

Measurements of meteorological variables and surface energy components over the South China Sea (SCS) are compared
with the NCEP-DOE AMIP-II reanalysis (NCEP2). The observations were conducted on a research vessel in the summers of
2004 and 2006. In addition, a one-column ocean model is used to simulate surface energy components and upper-level water
temperatures (at 4 and 10 m depths). The simulated upper-level water temperatures agree well with the observations during the
two cruises (OR1-728, OR1-802) with a root-mean-square difference (RMSD) smaller than 0.4 K. The observations and the
simulations show that the solar radiation (with a mean of ~200 W m™) is stronger than the latent heat flux (~160 W m™), and the
latent heat flux is stronger than the sensible heat flux (~10 W m™) during both periods. Nonetheless, the magnitude of
variability in heat flux caused by the sporadic wind is not seen in the reanalysis, it appears in the turbulent heat flux simulated
by the model. The major differences between the model estimate and the NCEP2 reanalysis are the value of emissivity and the
inclusion of diurnal cycles in key variables, 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. INTRODUCTION

Oceans provide the largest surface area for energy ex-
changes between the atmosphere and Earth’s surface and a
sink for air pollutants. The South China Sea (SCS) is the
largest marginal sea, encompassing an area from Singapore
to the Strait of Taiwan of around 3500000 km?. More than
half of the world’s supertanker traffic passes through the
region’s waters. The SCS has depths that range from the
shallowest coastal fringe to 5377 m in the Manila Trench
(Morton and Blackmore 2001).

Numerous studies have shown that the SCS plays an
important role for the evolution of the East-Asia summer
monsoon (e.g., Lau et al. 1998; Wang et al. 2004; Shiau et al.
2008). Over the SCS, meteorological observations are quite
sparse (Lin et al. 2002). Fortunately, global ocean surface
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meteorological properties have been determined indirectly
by satellites (Jo et al. 2004; Kawai et al. 2007; Zong et al.
2007) or through atmospheric model reanalysis (Hsu et al.
1997; Kanamitsu et al. 1997, 2002; Simmons and Gibson
2000; Li 2001). Nevertheless, evaluation on such products
by comparison with observations over the ocean is limited
(Angelucci et al. 1998; Tsuang et al. 2008a).

In order to study the spatial and temporal variations of
the meteorology, surface energy components, and skin sea
surface temperature (SSST) over the SCS, field campaigns
were conducted in the summers of 2004 and 2006. During
the field experiments, solar radiation, atmospheric radiation,
and common meteorological variables were measured. In
addition, a one-column ocean model was used to simulate
the surface turbulent heat fluxes and SSST over the SCS.
Our observed meteorological data and the calculated sur-
face energy components are compared with the NCEP-DOE
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AMIP-II reanalysis (denoted as NCEP2) data (Kanamitsu
et al. 2002). Note the reanalysis data have been used ex-
tensively as ground truth data for various purposes (e.g.,
Escoffier and Provost 1998; Wanninkhof et al. 2004; Feely
et al. 2006; Mckinley et al. 2006; Midorikawa et al. 2006;
Park et al. 2006; Zhang and Li 2008).

2. SOUTH CHINA SEA EXPERIMENT

Two research voyages were conducted on 15 August to
2 September 2004 (OR1-728) and 19 July to 2 August 2006
(OR1-802) over the SCS (Fig. 1). The research vessel, Ocean
Researcher 1 (R/V OR1) was operated by the National
Taiwan University with support from the Taiwan National
Science Council, cruised over the SCS Basin. The routes of
the cruises are shown in Fig. 1.

R/V OR1 was equipped with several sets of instru-
ments, including a navigation system, depth-sounder, ADCP
(Acoustic Doppler Current Profilers) (King et al. 1996), and
CTD (Conductivity Temperature Depth). Similar measure-
ments were previously made in the SCS (Uu and Brankart
1997) and in the Taiwan Strait (Wang et al. 2003). On the
ship, standard meteorological parameters as well as solar
radiation, atmospheric radiation, and surface water tem-
perature were measured (Fig. 2). Both air temperature and
wind speeds were measured at 15 m above sea surface level
(asl). Bulk surface water temperatures at 4, 10, and 15 m
depths were measured by the CTD at each stop. Downward
shortwave and longwave radiations were measured with
an Eppley Pyranometer (PSP, EPLAB, USA) and an Eppley
Pyrgeometer (PIR, EPLAB, USA) (Rozwadowska 2004),
respectively. The observed wavelengths of the pyranometer
are 0.3 - 3 um with an accuracy of £0.5%, and the observed
wavelengths of the pyrgeometer are 3 - 50 um with an accu-
racy of +1%. All the radiation sensors were mounted on a
mast at 7 m asl with an arm of 2 m extended from the left
bow of the ship edge.

During the second cruise (OR1-802) in 2006, the Eddy
Covariance System (ECS) was installed onboard. It was
mounted at 12 m above the sea surface. The ECS consisted
of 2 fast-response instruments: a 3-D ultrasonic anemometer
(81000, Young, USA) and an open path infrared hygro-
meter/CO, sensor (7500, LICOR, USA). The anemometer
measures three orthogonal wind components (u, v, w) and
virtual air temperature at 10 Hz. The open path infrared hy-
grometer sensor measures the concentrations of water vapor
also at 10 Hz. In addition, a Gyro enhanced orientation sen-
sor (3DM-G, MicroStrain, USA) was installed 2 m below the
3-D anemometer to measure the ship rotation angles (roll,
pitch, yaw) at 10 Hz. Using GPS and Gyro data, the mea-
sured wind vector was corrected for ship movement ac-
cording to Edson et al. (1998). ECS has been applied over
the sea for measuring turbulent fluxes by Kowalski (2001),
McGillis et al. (2001) and Blomquist et al. (2006). Using the

ECS, friction velocity (1), sensible heat flux (H) and latent
heat flux (LE) can be determined as:
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where u,, v', and w'are the fluctuations of E-W, S-N, and ver-
tical wind components (m s™), respectively. p,, is the density
of air (kg m) and ¢, the specific heat capacity at constant
pressure (J kg K. L, is the latent heat of evaporation of
water. 6 and ¢ denote fluctuations in potential temperature
(K) and specific humidity (kg kg™), respectively. In addi-
tion, under the assumption of the mean vertical velocity be-
ing zero, two-axis coordinate rotation is applied to all ECS
estimates according to Wilczak et al. (2001).

3. ONE-COLUMN OCEAN MODEL

A one-column ocean model (Tu and Tsuang 2005) was
used to simulate the SSST and surface energy components.
The model was previously tested at a TOGA site. The sea
water temperature (7), current (i), and salinity (S) are deter-
mined (Martin 1985; Gaspar et al. 1990) as:
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where Ry, is net solar radiation at the surface (W m™); F(z)
is the fraction (dimensionless) of Ry, that penetrates to the
depth z; &, and £k, are eddy diffusion coefficients for heat
and momentum (m” s), respectively. The value of &,
within the cool skin and that of &, within the viscous layer
are set to zero. That is, molecular transport is the only
mechanism for the vertical diffusion of heat and momen-
tum in the cool skin and in the viscous layer, respectively
(Hasse 1971; Grassl 1976; Wu 1985). The molecular diffu-
sion coefficient for momentumv,, is set at 1.20 x 10 m? s,
and that for heat v, is set at 1.34 x 107 m* s (Mellor and
Durbin 1975; Paulson and Simpson 1981; Chia and Wu 1998).
Puwo is the density (kg m™) of the water and c,, the specific
heat capacity at constant pressure (J kg™ K™). S is salinity
(%), 7 is current velocity (m s™), fis the Coriolis parameter
(dimensionless), and k is the vertical unit vector (ms™).
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OR1-728 cruise tracks (2004)
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OR1-802 cruise tracks (2006)
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Fig. 1. Bathymetry (shaded plot in m) and cruise tracks of OR1-728 in 2004 and OR1-802 in 2006.

The eddy diffusivity for momentum £, is simulated by
an eddy kinetic energy approach based on the Prandtl-
Kolmogorov hypothesis as:

k, = cNE (7)

where ¢, = 0.1 (Gaspar et al. 1990), /; is a mixing length (m),
and E is turbulent kinetic energy, E=0.5 (1> + v> + w?).
The turbulent kinetic energy (E) is determined by a one-
dimensional equation (Mellor and Yamada 1982) as:
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where ¢, = 0.7 (Bougeault and Lacarrere 1989; Gaspar et al.
1990); g is gravity (m s2); p,, is the density of water (kg m™);
and /, is a characteristic dissipation length (m). Mixing
length (/) and dissipation length (/) are determined ac-
cording to Gaspar et al. (1990). This approach is valid for
determining eddy diffusivity of both the ocean mixed layer
and the surface layer. The relationship between £, and &), is
determined according to the Prandtl number (Mellor and
Yamada 1982; Martin 1985; Gaspar et al. 1990; Pinazo et
al. 1996; Leredde et al. 1999) as:

p, = 9)

Fig. 2. Appearance of R/V ORI and it’s equipped instruments, includes
Eddy Covariance System (ECS), 3-D ultrasonic anemometer (81000,
Young, USA) and an open path infrared hygrometer/CO, sensor (7500,
LICOR, USA), Eppley Pyranometer (PSP, EPLAB, USA) and an
Eppley Pyrgeometer (PIR, EPLAB, USA).
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where P,, is turbulent Prandtl number (dimensionless). An
unity value for P,, is used in this study. The unity value is
used in many recent numerical models (Gaspar et al. 1990;
Pinazo et al. 1996; Leredde et al. 1999) and has been ob-
served in ocean data (Gregg et al. 1985; Peters et al. 1988),
although Mellor and Yamada (1982) and Martin (1985)
used a value of 0.8. The thickness of the ocean cool skin is
determined according to Artale et al. (2002), which is a
method valid for wind speed lower and higher than 8 m s™'
(Tu and Tsuang 2005). In addition, the surface effective
thickness for oceans (Tsuang et al. 2008b) is used to dis-
cretize the heat diffusion equation for the uppermost nu-
merical layer.

The friction velocity, Monin-Obukhov length, surface
latent and sensible heat fluxes were determined according to
the similarity theory (Businger et al. 1971) with the modi-
fied stability function of Brutsaert (1982, 1992). Surface
roughness (z9) was determined according to Kraus and
Businger (1994) as:

*
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In the model, 9-band absorption coefficients of solar radia-
tion are set according to Soloviev and Schlussel (1996),
with the first band to be the same as in Fairall et al. (1996).

At the surface, net non-solar surface heat flux 0, (W m™)
(positive downward), is given by:

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

It is the sum of atmospheric longwave radiation (R);), ter-
restrial longwave radiation (R;,), sensible heat flux (H),
and latent heat flux (LE) at the sea surface. The terrestrial
longwave radiation can be determined according to the
Stefan-Boltzman law as:

Ry =eo T, (12)

where ¢ is the emissivity of ocean as 0.96 (dimension-
less), and o is the Stefan-Boltzman constant as 5.67 x
10° Wm? k™.

The model determines the vertical profiles of tempera-
ture and momentum of a water column from the surface
down to 15 m depth. In the model, water temperatures at
depths equal to or deeper than 15 m are updated according to
the observations. Setting such a boundary condition reduces
the error of SSST simulation, since horizontal advection
heat flux is not included in the one-column ocean model. Sa-
linity is set at 34.26%o, observed by the CTD. A very fine
36-layer vertical discretization is set, used in the upper 15 m
ofthe ocean. The 36 layers are at the surface, and at depths of
50, 150, 250, 350, 450, 550, 650, 750, 850, 950 um, 1.5, 2.5,

4,7.5mm, 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. A900 s
model time step (as in Gaspar et al. 1990) is used.

The model inputs are wind speed, humidity, surface air
temperature, atmospheric pressure, net solar radiation, at-
mospheric radiation and lower boundary water tempera-
ture. The outputs of the model include surface turbulent
heat fluxes, friction velocity, stability, aerodynamic resis-
tance, water temperature, water salinity and current veloc-
ity. The observed meteorological data (wind speed, humid-
ity, surface air temperature, atmospheric pressure, incom-
ing solar radiation, and atmospheric radiation) were used to
drive the one-column ocean model. Missing values were
filled by the NCEP2 data or the same local time data in the
previous days. For evaluation of the model, terrestrial long-
wave radiation, sensible heat flux, and latent heat flux are
computed from the model SSST and compared against the
direct measurements.

4. RESULTS AND DISCUSSION

Here the measurements are presented and compared
with those of the NCEP2 reanalysis and those simulated by
the one-column ocean model.

4.1 Observed Meteorological Factors and Surface
Energy Components

The SCS is largely confined within the Tropic of Can-
cer; therefore, it experiences a monsoonal climate due to the
effects from the summer southwest monsoon (Morton and
Blackmore 2001; Jilan 2004). The meteorological condi-
tions observed during the two cruises are listed in Table 1
and shown in Figs. 3 and 4. On sunny days, on OR1-728, the
incoming solar radiation reached 850 W m™ and on ORI1-
802, it reached 1000 W m™. There were several overcast
periods during the cruises (18 and 28 August 2004, 21 and
29 July 2006). During these overcast periods, the magnitude
of solar radiation was much lower than in other periods
where cloud cover approached 100% according to NCEP2.
During clear sky conditions, the incoming solar radiation
was about 990 W m at noon on 19, 20, 31 July, and 1 Au-
gust 2006. This value is close to the values on clear-sky days
(2 and 22 May, 29 June 1998) observed at Dungsha Island
(20°42°N, 116°43’E) (Lin et al. 2002) during the SCS mon-
soon experiment (May - June 1998). Lester and Myers
(2006) indicate accurate global solar radiation measurements
are crucial to climate change research and development of
solar energy technologies. Solar radiation is also important
data for our model for estimating SSST.

The representative albedo during the two cruises was
0.07 - 0.08 during daylight hours (10 am - 4 pm). The ob-
served diurnal pattern of albedo was U-shaped with the min-
imum at 0.04 at noon, and the maximum at 0.3 at sunrise and



Surface Energy Components over South China Sea 329

sunset. Payne (1972) uses a fixed platform data to express
albedo in terms of a particularly convenient pair of para-
meters and indicates the subtropics mean albedo is 0.06 in
the summer for the Atlantic Ocean.

During both cruises, the near-surface air temperature
was between 298 and 305 K. The highest temperature oc-
curred along the coast, in the northern part of the SCS on
OR1-728 and in the Vietnam neritic zone on OR1-802. The
lowest temperature occurred in the central part of the SCS,
where it is deepest. On OR1-728 the average air temperature
was 301 £ 0.2 K, the atmospheric pressure was 1007 £ 3 hPa,
and the sea surface specific humidity (¢) was 20 + 1 g kg™
The observed specific humidity is close to the value at 18 -
20 g kg, compiled in the Comprehensive Ocean-Atmo-
sphere Data Set (COADS), over the SCS in 1988 - 1993
(Jones et al. 1999). The average wind speeds of the two
cruises were 9 + 3 and 9 + 5 ms™ with prevailing winds from

the southwest during both cruises. This is consistent with
Morton and Blackmore (2001).

The SSST was calculated from observed R, according
to Eq. (12) with the emissivity at 0.96 (Fig. 5). Using the
emissivity at 0.96, the derived SSST was slightly lower the
water temperature at 4-m depth by about 0.2 K most of the
time. The difference is due to the cool skin mechanism, well
recognized in the literature (e.g., Donlon et al. 2002). Sub-
rahamanyam and Ramachandran (2002) set the emissivity at
0.95 during the Indian Ocean Experiment on the research
vessel, Ocean Research 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 etal. (1999), based on
emissivity inventory. In addition, Fig. 5 also shows the ob-
served water temperatures at 4-, 10-, and 15-m depths at
stops. The figure shows that the water temperature was the
highest in the north SCS (15 - 20°N), the second highest in

Table 1. Summary of meteorological factors and surface energy components observed during the cruises from 15 August to 2 September 2004
(OR1-728) and from 19 July to 2 August 2006 (OR1-802), where the parentheses denote the valid numbers of hourly data.

15 August to 2 September 2004

19 July to 2 August 2006

Variables
daytime nighttime all daytime nighttime all
1. Air temperature (K) 301.3+02 301.2+0.1 301.2+0.2 301.9+£0.9 301.8+£0.6 301.9+0.8
(247) (176) (423) (175) (135) (310)
2. Atmospheric pressure 1006.8 £2.9 1006.8+2.9 1006.6+2.8 1008.0£2.0 1008.4+2.0 1008.2+2.0
(hPa) (250) (177) (427) (182) (153) (335)
3. Specific humidity 19.7+1.0 19.4+0.6 19.6 £ 0.6 19.9+5.9 20.8+6.9 209+6.4
(gkg™h (106) (74) (180) (127) (110) (237)
4. Wind speed (m s™) 92+32 94 +3.1 9.3 £3.1 8.7+£4.6 9.3%5.0 9.0+4.8
(250) (177) (427) (182) (153) (335)
5. Incoming solar radiation 362 + 285 0 212 £ 281 351 £328 0 197 £301
(W m™) (427) (177) (427) (188) (147) (335)
6. Atmospheric longwave 405+ 10 397+ 10 402+ 11 403+ 10 396 + 10 400+ 11
radiation (W m™) (178) (132) (310) (116) (99) (215)
7. Terrestrial longwave 4506 4515 4506 457+5 455+5 456+ 5
radiation (W m™) (198) (147) (345) (182) (150) (335)
8. SSST (K) 301.5+1.0 301.7£09 301.6%£0.9 302.4+0.9 302.2+0.8 302.3+£0.8
(197) (147) (344) (182) (150) (332)
9. Friction velocity (m s™) 0.5+0.2 04+02 04+0.2
(63) (44) (107)
10. Surface sensible heat 12 £ 25 8+ 16 10 £22
flux (W m?) (84) (62) (146)
11. Surface latent heat flux 181+ 172 125+ 120 160 + 156

(Wm?)

37 (22) (59)
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Note that the observed temperature at 15-m depth is set as the lower boundary conditions for the simulation. The square () is observed data; the

thick line (—) is model simulation and circle (O) is NCEP2 reanalysis.

the south SCS (6 - 10°N) and the lowest in the central SCS
(10 - 15°N). Note that in the central SCS, the depth is much
deeper than in the north and south SCS. This is consistent
with the World Ocean Atlas 2005 dataset (Locarnini et al.
2006). Uu and Brankart (1997) observed the water temper-
ature at 10-m depth by with CTD in the summer over the
SCS in the range from 301 - 302 K, which is also in the same
range to this study.

With respect to the surface energy components (solar
radiation, atmospheric longwave radiation, terrestrial long-
wave radiation, latent heat flux, and sensible heat flux), the
observations show that solar radiation is stronger than latent
heat flux, and latent heat flux is stronger than sensible heat
flux (Figs. 3, 4, 6, 7, and Table 1). During the day, solar
radiation is stronger than terrestrial radiation, and the ter-
restrial radiation is stronger than atmospheric radiation. At

night, when there is no solar radiation, terrestrial radiation is
stronger than atmospheric radiation.

The mean friction velocity during the second cruise was
observed to be 0.4 + 0.2 ms™', the mean latent heat flux 160
+156 W m'2, and the mean sensible heat flux 10 +22 W m™
(Table 1). McGillis et al. (2004) measured meteorological
conditions directly, latent heat flux and sensible heat flux, on
the NOAA ship Ronald H. Brown during GasEx-2001 in the
eastern equatorial Pacific Ocean, their observed wind speed
was relatively low at 6.1 + 1.3 m s™' with friction velocity,
latent heat flux and sensible heat flux at 0.2 £ 0.17 m s’l,
83.2+51.3,and 4.4 + 7.1 W m™, respectively. The average
wind speed of this study was 1.5 times than that of McGillis
et al. (2004), and the friction velocity, latent heat flux and
sensible heat flux were 1.5 - 2.0 times than those of their
studies. Subrahamanyam and Ramachandran (2002) showed
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that observed latent heat flux and sensible heat flux over at
around the equator in the Indian Ocean in the spring 1999
were at 137 and 17 W m™, respectively. The magnitudes of
latent and sensible heat fluxes were close to this study.

The friction velocity was lower than 0.1 m's™ when wind
speed was lower than 3 m s™'. Figure 8 shows that the friction
velocity and latent heat flux both increased with wind speed,
of which the correlation coefficient () of wind speed with

friction velocity is 0.5, and with surface latent heat flux is
0.24. This is reasonable since according to the similarity the-
ory (Businger et al. 1971), friction velocity and turbulent heat
fluxes (surface latent heat flux and surface sensible heat
flux) should increase with wind speed under the conditions
that the other variables remain unchanged. Subrahamanyam
and Ramachandran (2002) also found that friction velocity
and latent heat flux both increased with wind speed. Nonethe-
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Fig. 8. Observed friction velocity (u"), surface latent heat flux (LE), surface sensible heat flux () and SSST as functions of wind speed during the 19

July to 2 August 2006 over the SCS (the OR1-802 cruise).

less, Fig. 8 also shows that the correlation coefficient of wind
speed with surface sensible heat flux is -0.18, and with SSST
is -0.16. This is likely due to that high wind speed caused
higher upward latent heat flux. As a result, more energy was
released into the atmosphere, and SSST decreased. Then, sur-
face sensible heat flux decreased due to the decreased SSST.

The highest latent and sensible heat fluxes occurred at
10 am 26 July 2006, when the wind speed was as high as
10 ms™ (Fig. 6). Surface latent flux was 630 W m™ and sur-
face sensible flux was 93 W m™ at 10 am. On that day, wind
speed was high (> 10 m s™), and both air temperature and
specific humidity dropped by 3 K and 1.1 g kg™, respec-
tively, compared to the previous day (Fig. 4). Nonetheless,
the SSST was about the same as the previous day. As a re-
sult, the largest turbulent heat fluxes were generated.

4.2 Evaluation of the NCEP2 Data

The meteorological variables observed during the cruises
are close to those of the NCEP2 (Table 2 and Figs. 3, 4). The
RMSDs between NCEP2 and observations were 0.8 K for
air temperature during the second cruise, 1 K for SSST, 4 m s
for wind speed, about 1.2 g kg™ for specific humidity during
the first cruise and about 6 hPa for atmospheric pressure.
These differences are close to those reported over other

oceans (Miller and Katsaros 1992; Hsu et al. 1997; Jones et
al. 1999; Zong et al. 2007). However, NCEP2 systematically
underestimates the wind speed by 1 - 2 m s most of the
time, overestimates atmospheric downward longwave radia-
tion by 31 W m™, and overestimates terrestrial upward long-
wave radiation by 20 W m™.

The standard deviations (STD) of the most meteoro-
logical variables over the sea were small. Therefore, the
normalized RMSD (i.e., RMSD/STD) of those variables
were large (0.4 ~ 3.3). It implies that although NCEP2 cor-
rectly reproduces the magnitudes of the meteorological va-
riables over the SCS, it is unable to reproduce the details of
the fluctuations of these variables. Much larger diurnal fluc-
tuations of air temperature, atmospheric pressure and wind
speed were observed during the cruises than those reported
in NCEP2 (Figs. 3, 4). Moore and Renfrew’s (2002) com-
parison with in situ data shows the surface layer meteoro-
logical fields are reasonably well represented in the NCEP-
NCAR reanalysis. Besides, it was found that NCEP2 under-
estimated atmospheric pressure over the seas for locations
near coast such as Vietnam and Pearl River Basin on 25, 26,
and 30 August 2004 and 28 July 2006, which was likely due
to the coarse resolution (~1.875 degree) of the land-sea mask
of NCEP2.

The SSST of NCEP2 was close to observations with a
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Table 2. Comparisons between the results of NCEP2 reanalysis with observations.
Variables C;'I‘)ise NCEP2 g(‘)’erfrf e Cl?li)azs-obs) MAE RMSD NRMSD
1. Air temperature (K) ORI1-728 70 3021 0.34 -0.9 1.1 1.5 1.4
OR1-802 48 3021 0.17 0.1 0.6 0.8 1.4
2. Atmospheric pressure (hPa) ORI1-728 70 1004+6 0.54 -2.5 34 6 2.3
OR1-802 53 10065 0.30 -1.6 3.6 5 2.7
3. Specific humidity (g kg™) OR1-728 30 211 -0.05 1.2 1.3 1.2 1.2
OR1-802 41 20+ 1 -0.22 1.0 6.1 6.9 1.0
4. Wind speed (m s™) OR1-728 70 9+4 0.6 -0.9 33 4 1.2
OR1-802 55 73+3 0.52 -1.7 3.7 4 0.9
5. Incoming solar radiation OR1-728 70 199 £228 093 -3 65 110 0.4
(W m™)
OR1-802 55 230 +262 0.84 12 96 163 0.6
6. Atmospheric longwave OR1-728 51 434 £ 14 0.23 31 27 27 2.5
radiation (W m™)
OR1-802 36 429 + 12 0.32 31 31 27 3.0
7. Terrestrial longwave radiation OR1-728 58 470 + 4 0.86 20 20 19 3.3
(W m™)
OR1-802 52 473 +4 0.1 17 18 19 3.2
8. SSST (K) ORI1-728 56 301.7+0.8 0.74 0.2 0.5 0.6 0.7
OR1-802 55 302.3+0.6 0.11 0 0.7 0.9 1.2
9. Friction velocity (m s™) OR1-802 24 0.2+0.1 0.47 -0.2 0.2 0.2 1.4
10. Surface sensible heat flux OR1-802 22 3+5 0.05 0 9 11 1.1
(W m™)
11. Surface latent heat flux OR1-802 23 166 + 47 0.45 12 67 82 0.9
(Wm?)

Note: Here, “no” denotes the valid numbers of 6 hourly data, “Corr. coeff.” denotes correlation coefficient (r), “MAE" denotes mean absolute error,
“RMSD” denotes root-mean-squared difference, and “NRMSD” denotes the normalized RMSD (i.e., RMSD/STD). Note that friction velocity, surface
sensible heat flux and surface latent heat flux were observed only on ORI-802 cruise in 2006.

RMSD of 1 K and a correlation coefficient of 0.7 for
OR1-728; for OR1-802 the RMSD was similar (0.9 K), but
the correlation coefficient was 0.1 (Table 2 and Fig. 5).

The representative albedo during the two cruises was
0.07 - 0.08 during daylight hours (10 am - 4 pm), close to the
value of 0.06 at 1100 LT. used in NCEP2.

The bias and RMSD of the sensible heat flux between
NCEP2 and observations are 0 and 11 W m™, respectively,
and those of the latent heat flux are 12 and 82 W m'z, re-
spectively, during the second cruise. Sensible heat flux and
latent heat fluxes at ocean surface are considerably differ-
ent between the Data Assimilation Office (NASA/DAO)
and NCEP reanalyses compared by Bony et al. (1997), they
indicate that the two heat fluxes of NCEP are overestimated
by 3 and 20 W m™ than DAO, respectively. Their correla-
tion coefficients were within 0.05 - 0.45. The RMSD of the
heat flux is close to the monthly RMSD within 2 - 10 W m™

for the period 1993 - 1999 reported in Jo et al. (2004). Jo et
al. (2004) calculated the sensible heat flux using satellite
multi-sensor data. Moore and Renfrew (2002) also indi-
cated that the surface latent heat flux on the North Atlantic
and North Pacific Oceans from the NCEP-NCAR reanalysis
is overestimated.

4.3 Evaluation of the One-Column Ocean Model
Results

Figure 5 and Table 3 show comparisons of SSST, water
temperatures at 4- and 10-m depths between observations
and simulations. The simulated upper-level water tempera-
tures (at 4 and 10 m depths) agree well with the observations
during the two cruises (OR1-728, OR1-802) with a RMSD
of smaller than 0.4 K. The largest discrepancies were found
on 17 and 26 August 2004 and 30 July 2006, when the water
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Table 3. Same as Table 2, but for comparisons of variables between observations (obs) and the results calculated by a one-column ocean model of
Tu and Tsuang (2005) (cal), where “no” denotes the valid numbers of hourly data.

Variables e cal Corr. . Bias — y/\E RMSD NRMSD
ID coeff. (cal-obs)
1. Terrestrial longwave radiation (W m?) ORI1-728 344 452 +4 0.31 1 4 6 1.1
OR1-802 251 453 +£2 0.51 -4 4 6 1.1
2. Surface sensible heat flux (W m™) OR1-728 0 -126%19 - - - - -
OR1-802 126 5+14 0.39 6 15 22 1.6
3. Surface latent heat flux (W m™) OR1-728 0 191+ 114 - - - - -
OR1-802 53 139+112  0.32 20 116 150 1.4
4. Friction velocity (m s™) ORI1-802 96 03+02 0.51 -0.1 0.2 0.2 1.4
5.SSST (K) OR1-728 344 301.9+0.7 0.54 0.4 0.7 0.8 0.8
OR1-802 236 302.0+03  0.57 -0.4 0.6 0.8 0.9
6. 4-m depth water temp (K) OR1-728 37 301.8+0.5 0.63 0.2 0.5 0.4 0.8
OR1-802 18 302.1+£0.2 0.65 0.07 0.1 0.24 1.4
7. 10-m depth water temp (K) OR1-728 42 301.8+0.5 0.81 0.08 0.4 0.26 0.5
ORI1-802 22 3022+02 0.72 0.06 0.1 0.2 1.3

temperature changed significantly along the route. This is
not unexpected, as the one-column ocean model assumes
no-horizontal advection in the sea water.

Figure 9 shows the vertical profiles of simulated and
observed water temperature on 23 and 27 July 2006. On 23
July, the wind speed was strong (> 9 m s™), but on 27 July,
the wind speed was weak (< 5 ms™). Below the sea surface,
sea water temperatures were measured by the CTD tempera-
ture sensor SBE 3plus, the accuracy of which was at £0.001 K.
The bias of temperatures between observation and simula-
tion is within 0.1 K below sea surface. The simulated SST
overestimates than observation about 0.13 K on 2400 23
July 2006. The error range is close to the model result of
Shinoda and Hendon (1998). It can be seen that both the
observed and simulated 4-m water temperatures (so called
Bulk SST; BSST) did not show significant diurnal variation,
with variation smaller than 0.5 K. In contrast, significant
diurnal variation was shown at SSST, with variation about
0.7 K when the wind was weak. It can be seen that the model
suggests a warm layer existing within the depth from 0 to
4 meters during the day, and a cool skin existing within the
top 1 mm during both day and night, which causes the SSST
to be different from BSST observed at 4-m depth. Note that
SSST is a very important factor for determining the air-sea
exchanges of turbulent heat fluxes and tracer gases (e.g.,
CO,) (e.g., Weiss 1974; Wanninkhof et al. 1992). Incorpo-
rating a high vertical resolution model for upper sea temper-

ature simulation such as that conducted in this study can be
better than using BSST for this purpose. Webster et al.
(1996) indicate that an error of 1 K in SSST can lead to an
error of 27 W m™ in net surface heat flux in the tropical
western Pacific.

Figure 6 and Table 3 show comparisons of friction ve-
locity, latent heat flux, sensible heat flux and terrestrial
longwave radiation between observations and simulations.
Their RMSDs are 0.2 ms™, 150, 22, and 4 W m™, with corre-
lation coefficients at 0.51, 0.32, 0.39, and 0.57, respectively,
during the second cruise in 2006. The highest turbulent heat
fluxes were observed on 26 July 2006, which are reproduced
by the one-column ocean model (Fig. 6).

The correlation coefficient of simulated SSST with
that of NCEP2 is 0.29, and with observed air temperature is
0.52 (Table 4 and Fig. 5). The amplitude of the diurnal
composite SSST is weak at 0.15 K when the wind speed is
higher than 9 m s ', but it becomes significant when wind
speeds are low (< 5 m s). For example, on 27 July 2006,
when wind speeds were low, the calculated amplitude of
SSST was 1.5 K and observed 3 K (Figs. 4, 5). This phe-
nomenon is not seen in the NCEP2. A similar conclusion
was noted by Kawai and Wada (2007), who show that diur-
nal SSST warming becomes evident when the surface wind
is weak and insulation is strong. On 26 July 2006, both the
observed air temperature and the SSST (derived for terres-
trial longwave radiation measurement) dropped by 4 K.
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This phenomenon was also not shown in NCEP2, but cap-
tured slightly by the model.

The correlation coefficient of the hourly latent heat flux
estimations between the model simulation and observations
is 0.3 with the RMSD at 150 W m™ and the bias of 20 W m™.
The correlation coefficient of the hourly latent heat flux esti-
mations between model estimation and NCEP2 is 0.21 in
Table 4. Sea surface latent heat flux, one of the dominant
components in the surface energy balance, plays a key role
in the ocean and atmosphere (Peixoto and Oort 1992).

Table 4 shows the correlation matrix of variables such
SSST, friction velocity, surface latent heat and surface sen-
sible heat flux. It can be seen that the observations are more
strongly correlated to the simulation by the one-column
model, presented in this study, than they are to NCEP2. This
implies that coupling a diurnal resolving ocean sub-model to
a reanalysis model can be better than using prescribed SSST
such as in current reanalysis.

5. CONCLUSIONS

The meteorological variables and surface energy com-
ponents of the NCEP-DOE AMIP-II reanalysis over the
South China Sea are found to compare reasonably with ob-
servation and observation-derived fluxes taken driving two
research cruises in the summers of 2004 and 2006. A single
column ocean model forced with the observation, are used to
simulate the upper-level water temperature. The simulated
upper-level water temperatures (at 4 and 10 m depths) of the
two cruises agree well with available direct observations and
NCEP2, with an RMSD smaller than 0.4 K.

The major differences between the model estimate and
the NCEP2 reanalysis are the value of emissivity and the
inclusion of diurnal cycles in key variables. The NCEP2

2006/07/23 (strong wind)

0 A
= = =calc (13:00)
) o obs
g -10 — calc (24:00)
o
A obs
-20
301.2 301.7 302.2

temperature (K)

deep (m)

value for emissivity is 1, while the observed value is 0.96
with albedo at 0.07. Nonetheless, NCEP2 systematically
underestimates the wind speed by 1 - 2 m s” most of the
time, overestimates atmospheric downward longwave ra-
diation by 31 W m™, and overestimates terrestrial upward
longwave radiation by 20 W m™.

Over the SCS, a diurnal cycle was observed in surface
air temperature (OR1-728, OR1-802), sea surface tempera-
ture (OR1-728, OR1-802), terrestrial longwave radiation,
atmospheric radiation, surface latent heat flux (OR1-728)
and surface sensible heat flux (OR1-728). A semi-diurnal
(12 h) was observed in sea surface pressure (OR1-728,
OR1-802), surface specific humidity (OR1-728), and sensi-
ble heat flux (OR1-728). Sporadic high wind-speed periods
were also observed during the cruises (Figs, 3, 4, 6, 7). The
highest peak in sensible and latent heat flux occurred on 26
July 2006, causing the air temperature to drop rapidly. The
average albedo of two cruises was 0.07 - 0.08 between 10 am
and 4 pm. Both NCEP2 and the model simulation show that
solar radiation is stronger than latent heat flux, and latent
heat flux is stronger than sensible heat flux. Nonetheless,
due to the sporadic wind speed observed in fluctuation mete-
orological variables, such as surface pressure and wind
speed, high frequency also appear in the turbulent heat
fluxes estimated by the model, which are not seen in the
reanalysis.

A diurnal cycle is present in observed and simulated
variables such as air temperature and SSST, but is not found
in the NCEP2 (Fig. 7). As a result, fluxes in the NCEP2 are
weaker than observed, thus it is important to incorporate the
diurnal cycle in SSST in future reanalysis. The development
of a diurnally resolved SSST data set is a current focus 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 vertical profiles of simulated water temperatures compared with observation in cases of strong wind (> 9 ms™) and weak wind (<5 ms™)
over the South China Sea in 2006. The broken line (- -) is daytime model simulation; circle (O) is daytime observed data; the thick line (—) is nighttime

model simulation, and triangle (A) is nighttime observed data.
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Table 4. Correlation matrix of variables including SST, friction velocity (u"), surface latent heat (LE), and surface sensible heat flux (H) (Underlined

correlations are significant at P < 5%).

Variables SSST (cal) SSST (NCEP) SSST (obs) BSST (cal)  7,(obs)  T,(NCEP) T, (obs2)
SSST (cal) 1 0.29 0.58 0.8 0.52 0.34 0.46
SSST (NCEP) 1 0.15 031 0.22 0.93 0.1
SSST (obs) 1 0.49 0.47 022 021
BSST (cal) 1 0.4 0.34 0.15
T, (obs) 1 0.22 0.7
T, (NCEP) 1 0.1
T, (obs2) 1

Note: N = 237 (Casewise deletion of missing data).

Variables u” (obs) u” (cal) u”" (NCEP)
u" (obs) 1 0.48 0.44

u" (cal) 1 0.34

u’ (NCEP) 1

Note: N = 107 (raw data).

Variables LE (obs) LE (cal) LE (NCEP)
LE (obs) 1 0.32 0.22

LE (cal) 1 0.21

LE (NCEP) 1

Note: N = 53 (raw data).

Variables H (obs) H (cal) H (NCEP)
H (obs) 1 0.44 0.06

H (cal) 1 0.04

H (NCEP) 1

Note: N = 131 (raw data).
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