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Abstract. Using an observation data set of temperature anddomingues et al., 2008) in association with the ocean’s sig-
the Simple Ocean Data Assimilation (SODA), the decadalnificant contribution to global warming and climate change.
variability of upper ocean heat content (0-400 m; hereafter, The South China Sea (SCS) is the largest marginal sea in
OHC) in the South China Sea (SCS) was investigated for theSoutheast Asian waters (Fig. 1). It is connected to the East
period from 1958 to 2007. Decadal variability was identi- China Sea through the Taiwan Strait, to the Pacific Ocean
fied as the dominant mode of upper OHC besides the seahrough the Luzon Strait, and to the Sulu Sea via the Min-
sonal cycle. According to decreasing or increasing OHC,doro Strait. There are also channels connecting the SCS and
four periods were chosen to discuss detailed processes b#ie Indian Ocean: the Karimata Strait and the Malacca Strait.
hind OHC variability in the SCS; the four periods are 1958—In this paper, we choose a cross section covering the two
1968, 1969-1981, 19821992, and 1993—-2003. Results shostraits and call it the Sunda shelf (the location is given in
that advection was the major factor for decreasing (increasSect. 3). The interannual variability of latent and sensible
ing) OHC during 1958-1968 (1968-1981). During 1982- heat fluxes in the SCS has been studied (Zong et al., 2010).
1992 and 1993-2003, the net surface heat flux was the mainle and Guan (1997) discussed the interannual and inter-
contributor to the variability of OHC besides the advection. decadal variations in the upper ocean heat content (OHC) of
The OHC, advection and net surface heat flux had significanthe SCS, and pointed out that the vertically averaged tem-
positive trends during 1992—2003. The spatial characteristicperature trend changed from negative to positive in the re-
of OHC variability and heat budget in the Luzon Strait, west cent decades. OHC contributes interdecadal variability to
of Luzon Island, and in the Xisha warm eddy region are alSOENSO events, the Asian winter monsoon and the tropical at-
discussed. mospheric circulation anomalies (He and Guan, 1997). The
OHC in the northern SCS shows propagation, but that in the
southern SCS is stationary (Yan et al., 2010). Studying in-
terdecadal variability of the OHC itself is not enough, be-
1 Introduction cause ocean circulations play an important role as well. A
few studies (Fang et al., 2003; Qu et al., 2004; Willis et al.,
The ocean has the greatest heat capacity in the climate sy$p04; Wang et al., 20064, b; Liu et al., 2012) pointed out that
tem. Significant changes in the global ocean heat contenfhe Luzon Strait allows the ENSO signal into the SCS, and
were revealed for the past 50 yr (Levitus et al., 2000). To un+herefore the role of advection should not be neglected. Hor-
derstand the ocean’s roles in the climate system, the globakontal advection is especially important to the OHC during

ocean’s ability to store and transport heat has been extenhe mature phase of ENSO events (Liu et al., 2012).
sively studied by a number of researchers. Most of the re-

cent studies focused on upper ocean warming (Levitus et
al., 2000, 2005, 2009; Gouretski and Koltermann, 2007;
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2 Data and methods 25°Ny:

The data used in the present study include the expend
able bathythermograph (XBT) data from the World Ocean
Database 09 (WODO09) and the Simple Ocean Data Assimag°n
ilation (SODA, Carton et al., 2000a, b; Carton and Giese,
2008), covering the period from 1958 to 2007. The ocean
model used in making the SODA is based on Parallel Oceal
Program (POP; Smith et al., 1992) physics with an aver-15°N
age resolution of 0.25x 0.4° and 40 levels. The observa-
tions include virtually all available hydrographic profile data,
ocean station data, moored temperature and salinity time se
ries, surface temperature and salinity observations of variou
types, and night-time infrared satellite sea-surface tempera
ture (SST) data. The SODA output is in monthly-averaged
form, mapped onto uniform.B° x 0.5° grids. Before the 5o
analysis, the XBT data had already been processed unde
quality control. We first selected the data by removing those
profiles that were flagged as “bad” or as not passing the ,
monthly, seasonal, and annual standard deviation checks. Dt 9jog 105°E 110°E 115°E 125°E
tailed procedures are as follows. The data is flagged if it
is more tham standard deviation (STD) from the climato- Fig. '1. Geographical dist_ribution (asterisks) of the X_BT data used
logical monthly mean at any one depth. For depths deepe'ln this study, WhICh.COHSISt. of more thqn 23000 profiles. The three
than 50 mp = 3 is assigned, while for depths shallower than boxes ar_e used for illustrating spatial differences: Box 1 for th(_e Lu-
. . L zon Strait, Box 2 for west of Luzon Island, and Box 3 for the Xisha

50 m,n = 4 is assigned to accommodate greater variability of arm eddy.
upper ocean states (Locarnini et al., 2006). We then removegl
those profiles that did not extend to 50 m, thus eliminating
profiles over the shallow continental shelf, and those profiles3 Results
with obviously erroneous records (e.g., temperatul®°C)
or exceptionally large vertical increment QOm) between 3.1 Decadal variability
two samples in the top 100m. The final data set contains a
total of 23 356 temperature profiles in the SCS (Fig. 1), with Figure 2 shows the decadal variability of vertical tempera-
irregular spatial and temporal distributions. ture profiles and OHC in the SCS (90-2H, 0-25 N). The

A heat budget calculation was carried out: the heat con{esults show that there are two dominant peaks and troughs
tent change is equal to the summation of surface heat fluxe§fom 1958 to 2007. The vertical temperature evolution aver-
advection flux, and diffusion as in Na et al. (2012). The equa-aged in the SCS inferred from the SODA data set shows ob-

o

tion is: vious decadal variability (Fig. 2, middle), which is more ev-
ident than that inferred from the XBT data set. The strongest
HCC=QNET+ ADV + R. (1) temperature anomalies in 100-200 m are likely to be related

to the thermocline variability (Qu et al., 2004). The most no-
In Eq. (1), HCC denotes heat-content change in the uppefaple cold and warm anomalies occurred in 1964 and 2000,

400 m. QNET (positive into the SCS) denotes the net surfacespectively. In addition, the temperature appears to have
heat flux. ADV (positive into the SCS) is the lateral ocean risen in the recent decades.
heat advection, and R is the residual heat flux (vertical advec- Fqr the comparison of XBT data and the SODA product,
tion, diffusion, etc.) The heat content used in the calculationpine boxes are chosen where the XBT data are abundant. The
is the integration of the top 400 m, which contain the ther- regyits show that the two data sets are comparable in terms
mocline process (Qu et al., 2004). The surface heat fluxes argf heat content (not shown here), and an example (the entire
from the NCEP/NCAR Reanalysis 1 data set, which providesgcs) js given in Fig. 2. The XBT data and the SODA prod-
four kinds of air—sea fluxes from the study period. To dis- yct have similar variability, especially in terms of OHC time

cuss the monthly anomaly, the climatological seasonal cycl&eries (Fig. 2, bottom). So, only the SODA product will be
is removed: every month in the time series minus the mear,sed next for heat budget calculation.

of corresponding month. For example, the anomaly in Jan-
uary 1958 is the HC minus the average for all Januaries from
1958 to 2007.
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Fig. 3. Temperature anomalies (contour interval: 0.2, units: K; sea-
sonal cycle removed) of Box 1 (top), Box 2 (middle), and Box 3
(bottom).
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Fig. 2. Temperature anomalies of the whole South China Sea (con-

tour interval: 0.2, units: K; seasonal cycle removed) of the XBT results from an ocean general circulation model (Qu et al.

(top) and SODA (middle), and the heat-content time series of XBT 2004); climatological HCCQ and ADV in Table 1 are each

and SODA (bottom), units: £§J. Also indicated are P1: 1958 within 93 % of the model values.

1968; P2: 1969-1981; P3: 1982-1992; and P4: 1993-2003. Inferred from the terms in Table 1, the significant factors
controlling the heat content change (HCC) in the SCS dif-

Table 1.The terms of heat budget for the climatological mean and infer for the four chosen periods. During 1958-1968 (period

the four periods shown in Fig. 2. HCC denotes heat-content chang@l), the OHC in the SCS decreased rate wd8.72 TW,

in the upper 400 m. QNET (positive into the SCS) denotes the nefand cannot be explained by the net surface heat flux, which

surfgce heat f!ux. ADV.(positive into the SF:S) is the ocean hegt adyyas 2.53 TW into the ocean. So the advective cooling was

‘e’fgt)'loﬂ'nirs‘:d;\'/‘t‘/’”\;fhgz'i“?b:&eféflzuv)\(/_(vert'cal advection, diffusion, e maior contributor to the HCC in this period. Advection
can also explain the increase in OHC during 1969-1981 (pe-

riod P2). Advection was the major factor causing the heat

HCC QNET ADV R content variation before the climate shift in 1976, explain-
Clim 3.38 67.69 —-51.10 —13.28 ing up to 78% and 93 % of the change in periods P1 and
P1  -1872 253 -14.92 —6.33 P2, respectively. The situations are different after the climate
P2 1436 -1.77  13.23 2.90 shift during periods P3 and P4, when the net surface heat flux
P3  -1553 -7.24 -4.87 —3.42 played an important role in regulating the decadal variability
P4 24.31 16.69 3.45 4.17

during 1982-1992 and 1993-2003, although the contribution
of advection cannot be ignored, with 31 % and 14 %, respec-
tively, for these periods. After the climate shift, the net heat
3.2 Heat balance flux and ocean heat advection can explain about 78 % and
83 % of the HCC during 1982—-1992 and 1993-2003, respec-
According to the decadal variability of OHC in the SCS tjyely, and the rest of HCC may be caused by vertical flux and
(Fig. 2, bottom), four periods are chosen for studying the heagiffusion. There was an evident positive trend in OHC from
budget, which are 1958-1968, 1969-1981, 1982-1992, and992 to 2003, which was stronger than the HCC in the years
1993-2003 (Table 1). All terms in the heat equation exceptrom 1982 to 1992 and was mainly caused by the strong cold

the diffusion are calculated using the SODA product as in Nagnomaly in 1992 and warm anomaly in 2003 (Fig. 2, bottom
etal. (2012). The advection term is the summation of fluxespanel).

through the four channels (Luzon Strait: 120.25 18.25—

22.25 N; Taiwan Strait: 117.25-120.2%, 20.25N; Sunda 3.3 Spatial differences

Shelf: 104.25-111.2%, 1.75 N; Mindoro Strait: 117.25—

120.2% E, 6.75-14.75N). The Luzon Strait fluxes are pos- When comparing XBT data and the SODA product, we
itive every period and the other three fluxes are all negafound that the HCCs in different areas have a general resem-
tive every period, but between the different periods the valueblance (Figs. 3 and 4). Three key boxes (shown in Fig. 1)
of each strait’s flux varies; the contribution of ADV (four are chosen to study the spatial characteristics of OHC and
straits’ summation) to HCC is different. The climatological its budget due to HCC, net heat flux and advection. The
heat budget is consistent with a previous study based on thboxes are for the Luzon strait, west of Luzon Island, and
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HCC QNET ADV ADV+QNET 4 Summary and discussion

Using the SODA, XBT, and NCEP/NCAR flux data sets, the
decadal variability of OHC in the SCS was discussed. The
results show that the decadal variability of OHC is evident,
with two peaks and troughs during the study period. The
OHC in the whole SCS decreased in 1958-1968 and 1982—
959 1967 1975 1983 1991 1999 2007 1992, and increased in 1968-1981 and 1993—-2003. Before
' ' ' the climate shift in 1976, the advection was the major factor
in the heat content variation, with 78 % and 93 % contribu-
5&: <= tions in periods P1 and P2, respectively. The situations were
0 different after the climate shift, and the net surface heat flux
played an important role in regulating the decadal variabil-
, , , , , , , ity during 1982-1992 and 1993-2003, although the contri-
959 1967 1975 1983 1991 1999 2007 butions of advection cannot be ignored, at 31% and 14 %,
' ' ' ' respectively.

In this paper, the spatial characteristics of the OHC in the
SCS were also discussed. In the Luzon Strait, the net heat
flux and advection could not account for the variability of
OHC there, perhaps due to the complicated ocean dynamic
_oL . . . . . . processes, such as strong Kuroshio and associated meso-

1959 1967 1975 1983 1981 1998 2007 scale eddies and diffusion. The trends of HCC and net heat
Fig. 4. Time series of 10 yr running mean HCC (red), QNET (blue) flux in the study pgriod were negative, and it is difficult to
and ADV (green) in Box 1 (top), Box 2 (middle) and Box 3 (bot- €xplain the HCC with the net heat flux alone. In fact, the ad-
tom); units: TW, where 1 TW= 1012 W. vection was the main factor to control the decadal variability
of the OHC in the interior SCS, especially during the 1970s

the Xisha warm eddy region. It seems that the warmingto 1990s.

happened both in the subsurface and the surface near the The OHC time series actually indicates that the timing of
Luzon Strait (F|g 3, upper pane|), but the data before thethe OHC minimum matched a volcanic eruption. Church et
1970s should be used carefully, so the detailed characte@!- (2005) noted that after a volcanic eruption, the volcanic

istics should be investigated further. The net heat flux and@sh can be sent into the stratosphere and remain stable; thus,
advection cannot explain the variability of OHC in the Lu- the solar radiation can be reduced, leading to decreased heat

zon Strait, which is mainly affected by the Kuroshio Cur- content in the ocean. For either the whole SCS or the boxes

rent; the dynamical processes here are complicated (such &posen, however, the local solar radiation does not match the
a strong Kuroshio associated with meso-scale eddy and diffuOHC variability. Each volcanic eruption affects the global
sion, etc.). Both boxes 2 and 3 are located in the interior SCSolar radiation, and then the global OHC; the effect on the
and influenced by the Pacific Ocean, but each has its ow$CS is in another form (i.e., advection dominated by atmo-
characteristics. The box we choose in the Xisha warm eddyspheric circulation) (Tozuka et al., 2009). The Mt. Pinatubo
is the pathway of the western boundary current of the Soutteruption that occurred near the SCS in 1992 may be partly
China Sea (SCS) and the SCS warm current; the heat contefgsponsible for the greatest cold anomaly in the OHC seen in
change here is mainly caused by the advection flux. The boxig. 2 (bottom).

we choose to the west of Luzon Island is connected to the
Pacific Ocean through the Mindoro Strait and other marginal
seas. Some research shows that the Pacific water and sigr@‘f

. . . asic Research Program of China (2011CB403502), by the Na-
can get into the SCS through the Mindoro Strait (Zhuang ettional Nature Science Foundation of China under grants 41306014,

al., 2013). The te.mperf';lturef proflle. in Box 3 (Xisha warm 41206011, and 41221063, and by the Guangzhou Municipal
eddy) has some similarity with that in Box 2 (west of Luzon gcience and Technology Project under grant 12F084060027.
Island), but the oscillation of temperature in Box 3 is more Qinyan Liu is supported by the open program of The First Institute

vigorous than that in Box 2 (Fig. 3, bottom and middle pan- of Oceanography, SOA (grant: LDAA-2012-03). The authors wish

els). The results of the heat budget show that advection is the thank the reviewers and editors for their valuable constructive
major contributor to the HCC in boxes 2 and 3, with simi- comments.

lar trends especially from the 1970s to 1990s (Fig. 4, middle

and bottom panels). The net surface heat flux decreased dufdited by: J. M. Huthnance

ing the study period, and advection seems to dominate the

HCC in the SCS (Qiu and Chen, 2012).
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