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ABSTRACT

The upper oceanic heat budget in the South China Sea (SCS) is studied on the basis of ocean
surface heat fux, upper sca heat storage and horizontal ooeanic heat transport calculated from
Comprehensive Ocean and Atmosphere Data Set, Several useful conclusions can be obtained and
they are helpful for us to understand the climatologically thermal condition in the SCS, The annual
variation of net heat budget reflects the adjustment and sudden change of the monsoon circulation
over the SCS. The variation of upper oceanic heat storage of the SCS is tightly connecled with the
ooceanic heat transport as well as the vertical movement in the SCS and so on,
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1. Introduction

In recent years the South China Sea (SCS) has become one of the most important regions
in the local air—sea interaction research because of its special geographic position and
semi—enclosed deep basin characteristics, The impottance of the SCS is embodied mainly in
which is one of the key heat and moisture sources of atmospheric circulation in eastern Asia,
The onset and maintenance of the SCS monscon are closely connected with the large heat
transport from the SCS to air (Yan, 1997). The study on spatial—temporal variation of
air—sea heat exchange in the SCS can help us not only enlighten the thermal structure of the
SCS itself, but also properly estimate the potential ability of the influence of the SCS on at-
mospheric circulation in eastern Asia. In addition, reasonable underlying surface condition,
especially the air—sea heat flux, has much effect on the model results in climatic prediction
model,

In order to get a clearer understanding on the SCS thermal situation, we analyzed the
seasonal and annual average heat budget components, and calculated the upper heat storage
of the SCS. We also obtained the seasonal and annual average oceanic horizontal heat trans-
pori and upper vertical motion. The results are cortesponding well to the distribution of tem-
perature climatology.

2. Data and calculation methods

In this paper we use SST, surface air temperature, surface air pressure, surface scalar
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wind, air specific humidity and total cloudiness data, which are obtained from the Compre-
hensive Ocean and Atmosphere Daia Set (COADS). The dataset includes monthly
2°x 2° (latilude * longitude) data from 1950 to 1995, In order to get climatological monthly
and anpnual mean heat Mux, these data are averaged climatologically. In addition, we use the
temperature data at 19 standard oceanographic analysis levels released by the National
Oceanographic Data Center (Levitus, et al, 1994c) to calculate the upper heat storage of the
SCS. Here the calculation region ranges from Equator 1o 24°N and from 100°E to 122°E, The
seasons were defined as follows: December~Febrvary for winter, March—May for spring,
June—August for summer and September—November for fall.
The surface net heat budget 2, is defined as,

Qnel = Qw - Q]lb - anl_ Qscns (l)

where 2, and Qy, are the heat due to solar short wave radiation and long wave radiation
respectively, Oy, is the latent heat flux and (.., the sensible heat flux. Readers can refer to
Reed (1976, 1977), Kraus (1972} and Budyko {1956) 1o get these heat components, The sur-
face net heat gain Q.. can also be written as (Hastenrath, et al. 1980),

=t 2, (2)

where (@, is the divergence of oceanic horizontal heat transport, Q, the upper oceanic heat
storage anomaly 10 the annual mean value, which is estimated within the upper ten layers and
the maximal depth is 200 m. For the long—term annual mean, @, can be assumed as zero
(please refer to Section 3.3 for details).

3. The aceanic heat budget in the SCS

Based on estimate of the order of the heat budget components, we focus on the discus-
sions of the seasonal and annual average patterns of the surface net radiation R, (defined as
the difference between Q,, and ,,), the total heat transport from sea to air @, (defined as
the sum of 9}, and Q) and the surface net heat gain Q..

3.1 Mean seasonal paiterns

Figure 1 is the distributions of surface net radiation, total heat transport and surface net
heat gain of the SCS in winter and summer, In the northern SCS the contours of net radiation
in winter (Fig. 1a) are east—west alignment and nearly parallel to latitude, but they run from
northeast to southwest in the south. The net radiation decreases gradually from south to
narth and its minimum is about 70 W » m™, which is located along the southeast coast of
China mainland in the northern SCS, It is the annual minimum also. The maximum {about
160 W » m ) is in the west of Palawan Island and the Gulf of Thailand, which is more than
two times of that in the north, The zonal pattern of net radiation and its large meridional dif-
ference are mainly due to the zonal distribution of the direct solar radiation from cloudless
sky. Though zonal inhomogeneity of cloud cover produces the meridional difference of net
radiation to some extenl, monotonous atmosphere system over the SCS and low SST slow
down the activity of air convection and ther, lower the influence of cloud cover on the surface
net radiation,

The surface net radiation in summer (Fig. 1b) is remarkably different from that in winter.
Since the whole SCS is nearly between Equator and the Tropic of Cancer, the incident
sunlight js practically vertical to the sea surface. It increases the short wave radiation greatly
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absorbed by sea surface and makes the distribution of net radiation homogeneous, in other
words, reduces its meridional difference (the maximal difference from south to north is only
30 W - m™). But here we should note that the surface net radiation does not obey zonal dis-
tribution any longer because of more air convection in summer.

The pattern of total heat transport Q,,, in winter (Fig. lc) is almost opposite to that of
surface net radiation, From south to north, Q,,,, increases slowly and then grows sharply to
the north of 18°N. ., reaches maximum (beyond 30 W« m™) in the Luzon Strait and its
west, which is far more than the absorbed short wave radiation in the same region and during
the same period. We know that the surface wind and the air humidity are the most important
factors to control latent heat transport (ie., Q) In winter, the northwest monsoon domi-
nating the SCS brings cold and dry air, which has high potential to hold vapor, from higher
latitude into the SCS continuously. It can cause a large amount of evaporation in the north-
ern SCS. The cold and dry air mass will transform into warm and wet air with its southward
movement, and this will repress the sensible and latent heat transport in the southern region.
80 Q.o reduces from north to south. In addition, there is another factor being helpful for the
large heat transport in the northern region, that is, the Kuroshio to the east of Luzon Island
can form an anticyclonic loop when it flows nearby the Luzon Strait (Liu et al, 1996). The
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Fig. 1. Seasonal patterns of surface net radiation (R,,), total heal transport (2 um) and net surface
heat gain () for the South China Sea. (a) and (b) are for R, in winter and summer respeclively,
(c) and (d) for Q,,,,, (&) and (£} for .. Contour interval is 10 W - m™? and areas with @, >0 are

shaded in {¢) and (f).
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westward extent of the anticyclonic loop and even the detachment of warm vortex out of the
main body of the Kuroshio can bring high temperature water into the northern 3C5, and en-
large the difference of air—sea temperature, so does the heat transport from sea to air,

In sumier the total heat transport is less and more homogenous than that in winter (Fig.
1d). The heat transport is high from the west of Luzon Island to Palawan Island, which max-
imum is about 160 W+ m™and related to the high SST there, The minimai valve
70 W « m is along the coast of Guangdeng Province of China in the northern SCS. Though
there is strong southwest monsoon over (he SCS, little evaporation of water restrained by the
warm and wet air as well as small difference of air—sea temperature results less sensible and
latent heat transport in summer than that in winter,

Now it is easy (o obtain the surface net heat gain @, after we analyzed the net radiation
and total heat transport in winter and summer, In winter (Fig. le) the surface loses heat ex-
cept that to the south of 10°N. Due to the zonal distribution of R,,,, the pattern of Qe is
mainly determined by that of Qy,,. The maximal net heat loss, which reaches —240 W « m2,
occurs in the Luzon Strait and its west also, while the maximal heat gain in the south is only
40 W+ m~ In summer (Fig. 1f) the surface met radiation exceeds the total heat transport
from sea to air because of the increase of the absorbed short wave radiation, and the SCS
gains heat almost everywhere. The surface net heat gain increases gradually from south to
north,

From Eq. (2) we know that the surface net heat gain Q,,, is balanced by two ways: one is
the divergence of oceanic horizontal heat transport, the other is lo change the upper oceanic
heat storage. In winter, the oceanic heat can be transported from south to north along the
north coast of Borneo Island and the west of Palawan Island continuously by the cyclonic cir-
culation so as to compensate the heat loss in the north. Moreover, the intrusion of Kuroshio
into the SCS can partly make up the northern heat loss (Guo et al,, 1988).

Here we discuss the annual variations of surface net radiation, total heat transport and
surface net heat gain. Fig. 2 is the annual varying curves of heat budget components for the
SCS. We find that the solar short wave radiation Q,,, reaches maximum in April (more than
220 W+ m™°) because of the least cloud cover and the vertical incident of sunlight into
surface. In May, O, decreases much and it reflects the influence of more cloud cover, In win-
ter O, is lowest and less than 180 W - m™2 But in general, the annual amplitude of @, (de-
fined as the difference of annual maximum and minimum) is not too large due (o the tropical
position of the SCS. Corresponding to the strong northeast monsoon and the cold and dry
air, the latent heat transport @y, reaches maximum in winter, and lowers 1o the minimum in
April, but increases rapidly after May and reaches another maximum in Augusi, then a rela-
tively minimum in September. The appearances of two maxima and twe minima are tightly
related to the establishment of northeast monscon and southwest monsoon and the transition
between them over the SCS. As a result, the surface net heat gain Q. reaches maximum in
April, drops quickly in May and keeps negative from October to next February. The varying
trend of Q,,, shows that the SCS gains heat for annual average though it loses heat seriously
in winter. The SCS can store a large amount of heat energy so that it would exert remarkable
influence on the atmospheric circulation and synoptic systems in eastern Asia, The sudden
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Fig. 2. Annual variations of oceanic heat budgel components (W + m™) and sea surface tempera-

tured®C) averaged for the South China Sea, See text for further explanations.

change of @, @iy Cue in April~May reflects the quickly adjustment of atmospheric circula-
tion before the onset of southwest monsoon over the SC3. The SCS act as a source of heat
and vapor to maintain the monsoon, It is the water evaporation and convective heating
caused by the strong air—sea interaction that influence the local synoptic systems over the
SCS as well as the synoptic situation in China, Japan and even farther regicns (Yan, 1997),

The annual variation of SST in the SCS is also given in Fig. 2. SST is the lowest in winter
and rises swiftly after February, The maximal S8T does not appear in April while the surface
net heat gain reaches maximum but lags by about one to two months. Then the SST drops
with the decrease of Q.. Its annual amplitude is about 4°C. This implies that it is the surface
net heat gain ¢, that decides the SST variation in the SCS.

3.2 Annual average patterns

Figure 3 is the annual patterns of surface net heat radiation R, iotal heat transport
@ and surface net heat gain Q... The annual average contour of R, is nearly parallel to
the latitude, which is very homogeneous in the SCS and the maximal difference from south to
north is only 30 W « m ™~ The pattern of @ .um 15 much irregular, which is almost invariable to
the south of 10°N but exceeds 200 W » m ™ in the Luzon Strait. We have introduced the in-
fluence of monsoon lo analyze the seasonal variation of Q,,,, but for annual average the
monsoon can be dismissed. The constant existence of the anticvclonic loop of the Kuroshio in
the Luzon Strait makes the difference of air—sea temperature keep relatively high, so the an-
mual average Q.. is large. In turn it intensifies the convective activity of atmosphere, in-
creases clovd cover and results in the small R,,. The final result is that annual average Q. is
negative, that is, this sea region is an important heat source and exports heat to air through-
out a vear, while the region to the south of 18°N is a huge heat sink,
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Fig. 3. Annual average patterns of (a} surface net radiation (&,), (b} total heat transport (Qy,m)
and {c) net surface heat gain (Q,.,} for the South China Sea during 19501995, Contour interval is
10 W - m™ and areas with §,, >0 are shaded in {c).

3.3 Upper oceanic heat storage

We use the following equation to calculate the upper oceanic heat storage anomaly (2, in
the SCS (Levitus, 1984):

PeC, 8 — -
Qr = O_IP_ Z(Tseason— Tannual)' Azk- (3)
k=1

where & represents standard level number, K, the deepest standard level, which is set as 10
in this paper, that is, the integration is performed from surface to 200 m in depth. The density
of sea water (p,=1.025 x 10°kg » m™ and the specific heat of sea water C, =4187 J » kg™ «
K™\, ¢ the three months in unit of seconds, T, the seasonal average temperature, T aoousl
the annual average temperature, Eq.(3) shows that the heat storage variability is decided by
the difference between seasonal average temperature and annual average temperature. The
depth interval AZ, is 5 m for the sea surface and AZ, = (Z,,,— Z,_,)/ 2 for all other
standard levels. The depth of each standard level is given by Levitus (1982, Table 1),

Figure 4 is the seasonal average latitudinal variation of &, in the SC8. We find that the
meridional variation of ¢, in winter and spring is almost out of phase with those in summer
and fall. In winter Q, drops linearly from south to north except that it is positive to the south
of 2°N, which minimum is in the northern SCS. From the analyses to Fig. 1, we know the SC5
loses heat in winter. The cold and dry air brought by northeast monsoon increases the heat
transport from sea 1o air and causes the temperature in upper sea to drop rapidly. Then the
upper mixing layer is thickened by means of convective and turbulent mixing and its average
temperature reaches annual minimum, Accordingly, the upper oceanic heat storage reduces
greatly, In summer, the warm and wet air brought by southwest monsoon restrains the
convective mixing in upper sea, prevents the heat loss from lower water. At the same time, the
upper water is heated by the way of radiztion transfer. So {2, increases and its meridional va-
riation is the same as that of O, in summer, which reaches maximum (75 W - m™) in the
northern 8CS,
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Fig. 4. Seasonal average lafitudinal variations of upper oceanic heat storage (W + m2) of the South
China Sea (100—122°E). See text for further explanations,

There are two maxima and two minima in the meridional variation of ¢, in spring angj
fall respectively. Though the surface wind velocity decreases and net radiation increases ip
spring, the average temperature in the upper waler rises slowly due 1o oceanic
thermal—inertia, From above we have known that the maximum SST lags 2., by about ong
to two months, so the temperature in upper sea is still below the annual average value, Herg
we should pay special attention to the maximum Q, near 14°N. It is the reflection of the SC§
wart peol, which is a large warm water mass appearing in the central SCS and the west of
Luzon Island in early April. The maximal SST of the SCS warm pool is nearby the band of
12°N. The appearance of the SCS warm pool is the most obvious manifestation of locql
air—sea interaction. Since there is always a high air pressure over the central SCS in late wiq-
ter and early spring the downward motion in the central high pressure represses the sensiblg
and latent heat transport from sea surface, reduces cloud cover, that is, increases the solar
short wave radiation absorbed by surface, At the same time, the anticyclonic wind produces
anticyclonic circulation in the sea and drives the surface warm water to converge to the center
of circulation, So the downwelling in the sea occurs and causes the upper water temperaturg
to rise quickly (Chu et al., 1997). As a result, the upper oceanic heat storage increases rapidly,
As to why the minimum @, appears at the same latitude {14°N) in fall, it may be also co}-
nected with the strongest air—sea interaction there,

3.4 Meridional oceanic heat transport

The meridional heat transport within the ocean can be obtained by integrating g, over
latitude bands (Hastenrath et al., 1980). Connecting Eqs.(2) and (3) we can get the seasongl
average Q.. O, is equal to ., in the case of annual average. The meridional heat transport
(MHT) can be written as
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2
Hmt(¢)=r J Q, (.p)R; cospdide, @
Po ¥ Fg

Here, ¢ is latitede and @, = 0 represents Equator, i and 1, are longitude which are given as
100°E and 122°F respectively, R, the radius of the Earth, Because the Karimata Strait in the
southern SCS is very shallow and the meridional current there is weak, we assume that the
MHT through this strait is equal to zero, that is, (@, }= 0 as the boundary cordition of
integration. This has no essential influence on the heat transport in the SCS.

Figure 5 is the seasonal and annual average net MHT. The MHT in all seasons is north-
ward except that to the north of 16°N in fall, In winter the maximum northward MHT occurs
at 16°N and, to the north the northward transport decreases gradually, It implies that there is
heat convergence in the northern SCS in winter, Tn spring the northward MHT increases
linearly from south to north and the amount of MHT is far more than that of other seasons,
which reaches maximum at the north end of the SCS, The increase of MHT is primarily due
to the increase of short wave radiation absorbed by sea surface. In summer and fall the
northward MHT is relatively small. Southward MHT appears to the north of 16°N in fall.

We note that there is no simple linear relationship between the heat transport and upper
water temperature. Even that the Q.. is negative in cerfain sea region, the water can still at-
tain the aim to export heat by means of reducing the heat storage itself. On the contrary, even
certain region gains much heat, but if its gain is mainly used to increase heat storage itself,
then the heat export will be little. In addition, the cceanic circulation corresponding to the
monsoon can determine the direction of heat transport to a great extent. This is why the
northward MHT is much in winter and spring and litile in summer and fall,
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Fig. 5. Seasonal and annua) average net meridional heat transport{10”W) in the South China Sea
(100-122°E}. Northward transport is positive. See text for further explanations.
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For annual average the MHT is northward always, The northward MHT reaches maxi-
mum at 18°N, and reduces slightly between 18—24°N. In Section 3.2 we have known that in
the northern SCS the annual average heat of the upper ocean loses, that is, there is heat
convergence in order to maintain the heat export to air, but we find the meridional heat sup-
ply is not much enough (about 1.93 % 10"”W), It implies that there may be zonal heat
convergence, that is, the Kuroshio may transport heat to the SCS through the Luzon Strait.

4. Vertical movement in the SCS

For steady—state conditions, the divergence of oceanic horizontal heat transport is relat-
ed to the vertical motion in the upper sea by (Wyrtki, 1965, Hastenrath et al., 1980)

2.

W,= 7.C, AT ()
where p,, C, are as before, temperature difference AT= Ty, — Ty > 0, defined as the
difference of SST and the temperature at the depth of 200 m. W, is the average vertical veloc-
ity in the upper layer. W, > 0 when @, > 0, that is, upwelling occurs to maintain the oceanic
thermal siructure.

Figure 6 shows the average vertical motion in winter and summer and in the case of an-
nual average, Downwelling occurs to the north of 18°N in winler(Fig, 6a} due to the heat
convergence. To the south of 18°N, upwelling dominates the southeastern SC8. The maxi-
mum with a value in excess of 20 107 m + s~ lies to the west of Luzon Island, which is exact
the position of Luzon cold eddy {LCE) (Yang et al., 1998). The LCE is a semi—permanent
cold cyclone located to the west of Luzon Island in winter and spring and its existence has
been proved by many studies (Zeng et al, 1989; Shaw et al., 1996). However, its formation
mechanism has not been well explained. We find the LCE again from the point of view of
heat transport. It suggests that the heat divergence in this region is maintained by the water
vertical motion during winter.

The upper oceanic vertical motion in summer (Fig. 6b) is almost opposite to that in win-
ter, The maximum downwelling appears to the west of Luzon Island at this time, Upwelling

b} summer
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Fig. 6. Seasonal and annua) average oceanic vertical motion in the upper South China Sea. (a} is
for winter, (b) for summer and (c} for annual average, Upward motion is positive and shaded.

Contour interval is 5 x 107m = 57",
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occurs in the continental shelf and slope of the SCS as well as the castern coast of Vietnam,
The maximum upwelling is along the coast of Vietnam, which is corresponding to another
cyclonic eddy—the Vietnam cold eddy (VCE) (Yang et al, 1998). The pattern of upwelling in
the west and downwelling in the east of the SCS implies that the oceanic heat is transported
not only from south to north, but also from west to east, It might be restrained by zonal verti-
cal circulation probably existed in suramer. In the case of annual average, there is upwelling
to the south of 18°N and downwelling to the north. The vertical velocity is small since the re-
markably seasonal difference is smoothed by annual average. The downwelling in the north-
et SCS is due to the heat import from the Kuroshio, which has been analyzed in Fig. 5 be-
fore,

3. Conclusions

The analyses above give us a way to understand the climatological state of the surface net
heat budget, the upper oceanic heat siorage, the meridional heat transport and the vertical
motion in the upper SCS, as well as the complex relation between them. We can obtain the
following conclusions:

{1) The surface loses heal ta the north of 10°N of the SCS and gains heat to the south in
winter, In summer the surface gains heat in the SCS as a whole, {2) The surface net heat gain
reaches maximum in April and decreases rapidly after May. It keeps negative from October
to next February. (3) The annual average surface net heat budget is negative 1o the north of
18°N and positive (o the south, (4) The upper oceanic heal storage of the SCS is negative in
winter and spring and positive in summer and fall. Its meridional variation in wintertime is
approximately out of phase with that in summertime, (5) The seasonal and annual average
meridional oceanic heat transport are always northward except that to the north of 18°N in
fall. (6) There is upwelling to the south of 13°N and downwelling to the north in the 8CS in
winter. In summer the upper vertical motion is almost opposile to that in winter. Downwel-
ling occurs to the west of Luzon Island and upwelling in the continental shelf and slope region
and also along the east coast of Vietnam. In the case of annual average, upwelling occurs to
the south of 18°N and downwelling to the north but the welocity is small,

The variation of the surface nel heat budget usuvally leads that of sea temperature, and it
can be viewed as a useful index to understand the oceanic thermal and dynamic structure, For
example, the positive heat budget always implies that the upper sea temperature would rise in
the near future. And at the same time, the oceanic current would be changed to adapt the
oceanic thermal state or change the thermal distribution in turn, In above study, the oceanic
regime is actually assumed as quasi—steady. So, in the sense of long—term average, the results
we obtain are reasonable,
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