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Fifty years (1960–2009) sea surface height (SSH) data derived from ECMWF ORA-S3 are analyzed in the
South China Sea (SCS). Using stochastic dynamic analytic method to investigate characteristics of SSH on dif-
ferent timescales, it could be found that SSH in the SCS displays distinct seasonal (including annual and semi-
annaul) and interannual variations. The annual signal has minimum value in February and maximum value in
August, and its amplitude is 1.81 cm. The interannual SSH variability in the SCS is coherent with the ENSO/
PDO/NPGO based on the lead-lag relationship. The seasonal SSH variations are induced by buoyancy fluxes
and local wind stress. The local wind stress contribution to seasonal SSH in the east SCS is dominant (explain
20–65%), and buoyancy fluxes contribution is secondary (explain 30–40%). Buoyancy fluxes are determined
by net heat fluxes in the upper ocean. Effect of freshwater fluxes can be neglected. Interannual variations are
closely related to the subsurface water (depth about 100–300 m). ENSO/PDO/NPGO signals affect the
temperature and salinity changes of the subsurface water and further lead to interannual variations of SSH.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

In terms of the physical mechanism research of SSH variations, a
number of studies have been devoted to research the importance of
various forcings and processes in explaining the SSH variations. Many
studies address steric responses of sea level variations (Nerem et al.,
1997; Stammer, 1997; Cazenave and Nerem, 2004; Carton et al., 2005;
Lombard et al., 2005a, 2005b; Ishii et al., 2006;). Seasonal steric sea
level change compared with TOPEX/Poseidon satellite altimeter data
at different large spatial scales indicated that thermal effect accounts
for much of the observed seasonal variability, especially when averag-
ing over zonal regions. Some regional seasonal patterns of sea level
anomalies in the tropical oceans are well represented by the thermal
model prediction (Chen et al., 2000).

Other studies specifically focus on the mechanisms of dynamic re-
sponse. A series of studies have discussed SSH adjusted via barotropic
Rossby waves (Sturges and Hong, 1995; Frankignoul et al., 1997;
Miller et al., 1998; Deser et al., 1999; Seager et al., 2001; Schneider
et al., 2002; Qiu, 2002, 2003, Qiu and Chen, 2006; Taguchi et al.,
2007; Sasaki et al., 2008; Zhang et al., 2011). The dominant processes
affecting SSH variability observed by the TOPEX/Poseidon altimeter
vary regionally in the Pacific: baroclinic Rossby waves, equatorially
trapped Kelvin waves, steric response to surface heating and the
response to wind stress curl forcing are all important (Vivier et al.,
1999). In mid-latitudes, the most conspicuous feature in the large-scale
changes in SSH is related to surface buoyancy fluxes, predominantly
12 Published by Elsevier B.V. All rig
surface heat fluxes. The next prominent variability on subannual time-
scales is the adjustment of the ocean to varying winds stress fields
in terms of planetary waves. SSH variations in the Pacific Ocean north
of 40°N relative to the steric component can be described as a time-
dependent Sverdrup balance is addressed for the Pacific Ocean
(Stammer, 1997). The interannual SSH variability over the northeast
Pacific Ocean is dominated by the local response to wind forcing
based on reduced-gravity, quasi-geostrophic model includes linear
damping (Cummins and Lagerloef, 2004). It demonstrated that a local
Markovmodel driven by Ekmanpumping can account for the variability
and trend exhibited by the Station P time series as given by Cummins
and Lagerloef (2002). Cabanes et al. (2006) demonstrated that the
remaining SSH after correcting from local steric changes was relatively
well explained by the quasi-steady barotropic Sverdup balance
between 40° and 50°N. The large-scale adjustment to wind forcing via
the propagation of Rossby waves agrees best with the remaining SSH
in the 15–20°N region.

The SCS is the largest semi-enclosed marginal sea in the Asia.
Under the influence of the monsoon, the Kuroshio, ENSO and some
other factors, SCS becomes very active in dynamics. Affected by var-
ious factors, the SCS has significant multi-scale factures and patterns.
By synthesizing previous studies, factors caused SSH are so compli-
cated and varied. SSH mechanisms are variable spatially and on dif-
ferent timescales. In this paper, we study SSH in the SCS based on
thermodynamics and dynamics. In terms of thermodynamics, steric
sea level is mainly discussed, and the dynamics are analyzed based
on the response to wind stress forcing. In addition, we also investi-
gate the mechanism of interannual SSH variability. Efficiency of
the mechanisms in predicting SSH is assessed by computing a local
hindcast skill.
hts reserved.
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2. Data sources and data processing

2.1. Data sources

SSH, net heat fluxes and wind stress are provided by ECMWF
ORA-S3. ORA-S3 is a new operational ocean analysis/reanalysis
system which has been implemented at ECMWF. It has several inno-
vative features, including an on-line bias-correction algorithm, the
assimilation of salinity data on temperature surfaces and assimilation
of altimeter-derived sea level anomalies and global sea level trends.
The horizontal resolution is 1°×1°, with the time period from 1960
through 2009 was used here. For further details of the model and as-
similation see Balmaseda (2004), Anderson and Balmaseda (2005),
Balmaseda et al. (2008), and Vidard et al. (2009).

The evaporation and precipitation from ERA-40 and ERA-Interim
are used in this paper. The time range of them derived from ERA-40
is from January 1960 to December 1978. And ERA-Interim provides
them for the period 1979–2009.

The monthly objectively analyzed subsurface temperature (ver-
sion 6.9) for the period 1945–2010 is the most recently available
dataset produced by Ishii et al. (2003, 2005) and Ishii and Kimoto
(2009). The analysis is based on the latest version of World Ocean
Database (WOD05) and World Ocean Atlas (WOA05) (Boyer et al.,
2006) and a set of XBT observations compiled by the Japan Oceano-
graphic Data Center. A near-real time data archive made available
through the Global Temperature-Salinity Profile Program (GTSPP) is
also used, which compensates the data sparseness of WOD05 since
1990. The spatial resolution of the data is 1°×1°, with 24 standard
depth levels to 1500 m. The vertical resolution decreases with depth
by 0, 10, 20, 30, 50, 75, 100, 125, and 150 m, every 50 m to a depth
of 300 m, and then every 100 m to a depth of 1500 m. The time period
from 1960 through 2009 is used here.

2.2. Data processing

The freshwater fluxes are defined by the difference between
evaporation and precipitation (denoted EmnP=E − P).

Following Kara et al. (2000), the mixed layer depth (MLD) is
calculated in the SCS. The temperature and salinity data are from
Ishii 6.9. In this study, the criterion on temperature shift applies
1.0 °C. The depth of 10 m from which the 'surface' values has been
taken. This is included so we can avoid surface inversions or missing
surface data. More details about the calculation method of MLD are
given in Kara et al. (2000).

An equivalent-area weighting factor based on a simple cosine func-
tion of latitude should be applied to generate the mean sea level time
series, diminishing the impact of data in high latitudes. The formula is
listed below (Cazenave et al., 1998)

hk ¼
∑i ∑j hijk cos ϕj

� �

∑i ∑j cos ϕj

� � ð1Þ

where hk is the region-averaged SSH and k denotes the time; i and j de-
note the position at each grid point; hijk is the SSH in grid of (i, j) at time
of k; ϕj is the latitude of the given grid. It is particularly worth noting
that all time series are calculated based on Formula (1).

Efficiency of the mechanisms in calculating SSH is assessed by
computing a estimation skill. Here, the estimation skill, S, is defined
by

S ¼ 1−
h0−hp

� �2
� �

h0
2� � ð2Þ
where h0 is the observed signal, hp is the modeled signal, and angle
brackets denote a time averaging. Skill ranges between −∞ and 1.
High values for skill (S→1) indicate that observed and calculated SSH
are both well correlated and of the same magnitude. Negative values
denote low or negative correlations or larger magnitude for SSH.

3. Characteristics of SSH variations in the SCS

3.1. Variability of spatial-mean SSH

To extract the SSH on different timescales, we adopt stochastic
dynamic analytic method in this study. The SSH time series Y(t) can
be written as:

Y tð Þ ¼ T tð Þ þ P tð Þ þ X tð Þ þ α tð Þ ð3Þ

where Y(t) is the average monthly SSH, T(t) is the deterministic trend
signals; P(t) is the deterministic periodic signals; X(t) is the residual
random signals; α(t) is the white noise signals. Stochastic dynamic
analytic method decomposes the variable into deterministic parts,
periodic parts and random parts. As long as we give expressions and
coefficients of deterministic and periodic parts, we can fit the original
data and predict by extrapolation. For more information on stochastic
dynamic analytic method, see Zuo et al. (1996).

Using stochastic dynamic analytic method to separate periodic
signal of SSH, we can find SSH in the SCS displays seasonal and inter-
annual variations. As shown in Fig. 1, SSH displays a distinct annual
cyclewithminimum in February andmaximum in August. The seasonal
amplitude of SSH is 2.8 cm, with the annual amplitude (1.81 cm), and
semiannual amplitude (0.99 cm).

Fig. 1 also shows obviously that interannual variations signal, but
the stronger seasonal and rising trend makes the interannual signal
obscured. Thus appropriate filtering is needed for visualization of
these signals. In this study, we remove the linear trend and signals
with timescales shorter than 1 year to obtain the SSH residual (blue
line in Fig. 1). To describe interannual variability better, comparisons
between SSH residual and ENSO/PDO/NPGO index based on correla-
tion analysis are shown in Fig. 2. As shown in Fig. 2a, the curve of SSH
appears dominated by interannual fluctuations, particularly in the
period 1972/1973, 1997/1998, 2009 (El Niño event) and 1975/1976,
1998–2000 (La Niña event). During El Nino (La Nina) year, SOI has a
minimum (maximum) value and SSH is low (high). It is evidenced
that the SSH variations in the SCS are strongly modulated by ENSO:
their changes are the same phase, negative phase of SOI (El Niño event)
corresponding to negative SSH; SOI positive phase (La Nina) correspond-
ing to positive SSH. The synchronous correlation coefficient is 0.726.
Fig. 2b is time series of PDO index and SSH. There is significantly negative
correlation between SSH and PDO index (just opposite to SOI above, SOI
is positive correlation). The correlation coefficient is−0.57. Fig. 2c also
shows theNorth Pacific Gyre Oscillation (NPGO) have an opposite effect
compared with PDO and it is fairly self-explanatory here. When PDO
(NPGO) is warm (cold) phase, SSH have low values, vice versa.

It is also worthwhile to note that decadal signals, especially in
1960s, 1980s, 1990s, 2000s, SSH variations appear low values. After
low-pass filtered over 10 years to the SSH residual (Fig. 3), the corre-
lation coefficient of SSH and PDO is −0.2, and the correlation reaches
up to −0.44 when SSH leads over PDO by 113 months. The correla-
tion coefficient between SSH and NPGO is 0.7. The maximum correla-
tion coefficient is 0.774 when NPGO leads SSH by about 11 months.

The interannual variability of SSH in the SCS is coherent with the
ENSO/PDO/NPGO from the lead-lag relationship.

3.2. Spatial structure of SSH variability

SSH variability is not spatially uniform in the SCS, and we use the
root-mean-square (RMS) method to obtain the spatial structure of



Fig. 1. Time series of the SSH averaged over the SCS: original SSH (black line), annual SSH (red line), semiannual SSH (yellow line) and the linear trend (green line, 7.9 mm/year).
The blue line is low frequency signals based upon 13-month low-pass-filtered.
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the SSH. A higher value of RMS of the area implies a dynamically active
area. RMS values of the SSH are 7–9 cm in the east SCS (Fig. 4a). The
largest variability, 9 cm RMS, occurs in the west Luzon Island where is
the position of Luzon cold eddy. Fig. 4b shows RMS values of nonseaso-
nal variability. High RMS (5–6 cm) in Fig. 4b are distributed over the
Sulu Sea, which indicates that primarily interannual variations occur
in this region. High RMS values distributed in Fig. 4a but low values in
Fig. 2. Comparison between SSH (solid blue line) and climatic indices (SOI/PDO/NPGO) (das
lead of SOI/PDO/NPGO over the SSH. Linear trend of SSH is removed. All variables are low-pa
signal.ascii; PDO Index is from http://jisao.washington.edu/pdo/PDO.latest; NPGO index is
Fig. 4b near the Luzon Island indicate seasonal variations are primary
in this region.

To better describe the temporal and spatial variability of the inter-
annual SSH, we performed an empirical orthogonal function (EOF)
analysis on the SSH data based upon 13-month low-pass-filtered.
Fig. 5a shows the spatial pattern of the EOF; the associated amplitude
time series is plotted in Fig. 5b. The amplitude time series of the first
hed green line). Right plates are their lagged correlation. Positive lags here indicate the
ss filtered (>32 months). SOI is from http://www.cgd.ucar.edu/cas/catalog/climind/SOI.
from http://www.o3d.org/npgo/data/NPGO.txt.

image of Fig. 2
http://www.cgd.ucar.edu/cas/catalog/climind/SOI.signal.ascii
http://www.cgd.ucar.edu/cas/catalog/climind/SOI.signal.ascii
http://jisao.washington.edu/pdo/PDO.latest
http://www.o3d.org/npgo/data/NPGO.txt


Fig. 3. Same as in Fig. 2, but low-pass filtered (>10 year).
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mode shows primarily interannual variation. The first mode accounts
for 84.38% of the total interannual variance. The spatial values of the
first EOF are positive over the east SCS. High spatial values of the
first EOF are distributed over the Sulu Sea. It also indicates interann-
ual variations primarily occur in Sulu Sea. The amplitude time series
of the first mode is normalized by its standard deviations and its rela-
tion with ENSO/PDO/NPGO are shown in Fig. 6. The results are consis-
tent with that of stochastic dynamic analytic method in Fig. 2 and
RMS method in Fig. 4.

In the following analyses, we investigate, in particular, mechanisms
of seasonal and interannual SSH variations in the SCS.

4. SSH response to surface buoyancy forcing

Changes in temperature and salinity of a water column cause
what are termed “steric” sea level variations (Patttullo et al., 1955).
Steric sea level change due to thermal expansion as the thermosteric
component (TC) and due to haline contraction as the halosteric com-
ponent (SC) (Tabata et al., 1986). The total steric sea level (TSSL)
Fig. 4. a)Distribution of root-mean square (RMS) SSH and (b) RMS values of S
change is the sum of TC and SC. TC, SC, and TSSL are calculated based
on the following formulas:

TC ¼ ∫
z2

z1

1
υ
∂υ
∂T ΔTdZ ð4Þ

SC ¼ ∫
z2

z1

1
υ
∂υ
∂SΔSdZ ð5Þ

TSSLrTCþ C ð6Þ

where T is temperature, S is salinity, Z is depth, z1 and z2 are the lower
and upper limits of depth of integration, υ is specific volume calculated
as a function of temperature and salinity fields and pressure by the
equation of state for sea water (EOS80) (UNESCO, 1987), and ΔT and
ΔS are the monthly temperature and salinity deviation in reference to
their climatological mean values at each layer, respectively. Total steric
SH based upon 13-month low-pass-filtered. The contour interval is 1 cm.

image of Fig. 3
image of Fig. 4


Fig. 5. First EOF mode of SSH based upon 13-month low-pass-filtered in the SCS. (a) Spatial pattern on top. (b) The amplitude time series of the first mode on bottom.

Fig. 6. The amplitude time serie of the first mode normalized by its standard deviations vs. SOI/PDO/NPGO. All variables are low-pass filtered (>32 months).
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sea level anomaly at a layer is approximately the sum of temperature
and salinity anomalies at that layer.

The integration is theoretically over the whole water column but,
in practice, is limited to the upper part of the ocean, which is better
sampled and is affected by atmospheric buoyancy fluxes. Changes
in steric height can be caused either by buoyance flux including sur-
face heating, fresh water flux (diabafic) or by vertical displacement
of isotherms (adiabatic) by wind forcing (Vivier et al., 1999).

Following previous work (Stammer, 1997; Vivier et al., 1999),
if we neglect diffusion and horizontal advection, the equation is
given by

∂hs
∂t ¼ α

ρ0Cp
Q tð Þ−Q tð Þ

� �
−βSa tð Þ EmnP tð Þ−EmnP tð Þ

� �
ð7Þ

where hs is the SSH dued to the buoyance flux, α is thermal expansion
coefficient, β is saline contraction coefficient, ρ0 is the reference den-
sity, CP is specific heat of seawater constant pressure, Q is the net heat
flux, and EmnP is the fresh water flux. Diabatic steric height changes
are dominated by the seasonal variations of density due to heating
and cooling in the oceannic mixed layer (ML).

To evaluate hheat and hwater from Eq. (7), we separately calculate
them by following equations:

∂hheat
∂t ¼ α

ρ0Cp
Q tð Þ−Q tð Þ

� �
−ε1hheat ð8Þ

∂hwater

∂t ¼ −βSa tð Þ EmnP tð Þ−EmnP tð Þ
� �

−ε2hwater ð9Þ
Fig. 7. (a) Correlation coefficient and skill of the hheat as a function of the dissipation rate
(d) Distribution of skill (%) of hheat in accounting for the variance of SSH. Note, correlati
(b)–(d), ε1−1=150 d.
Eqs. (8) and (9) are derived from Eq. (7),but they increase dissipa-
tion term (the second term). Dissipative processes can significantly
improve the calculated results.

In Eqs. (8) and (9), both α and β are taken as the average value in
the ML. The MLD is derived from Ishii 6.9. Q(t) and EmnP(t) are
derived from ECMWF reanalysis (ERA-40 and ERA-Interim). In this
study, Cp=4000 J·kg−1·K−1. The calculated results are shown in
Figs. 7 and 8.

Fig. 7a shows the plot of Correlation-Skill-ε−1. ε1−1=150 d is
adopted as the dissipation coefficient in Fig. 7b–d. The seasonal
amplitude of hheat in the SCS is 2.3 cm including annual amplitude of
1.67 cm. hheat displays significant seasonal variability (Fig. 7b). Fig. 7c
and d shows distribution of correlations and skill between hheat and
SSH. There is a high correlation region in the northeast SCS, and their
correlation coefficients exceed 0.5 (Fig. 7c). hheat in this region can
explain above 30% of SSH (Fig. 7d).

Fig. 8 shows the results of hwater. The dissipation coefficient ε2−1

equals 200 d (Fig. 8b–d). In the whole SCS, hwater has a small part in
SSH. Although there are high correlations in the north SCS, hwater

can only explain about 4%.
SSH induced by the buoyancy fluxes is determined by changes of

heat fluxes in the upper ocean. The effect of freshwater fluxes can be
neglected.

5. Ekman pumping response

Wyrtki (1961) pointed out that seasonal characteristics of ocean
circulation in SCS are mainly driven by the monsoon. Qu (2000) com-
pared the wind field and hydrological observation data, and explicitly
ε. (b) hheat (blue line) vs. SSH (black line). (c) Correlations between hheat and SSH.
on coefficients exceeding 0.5 and skill exceeding 20% in the SCS are chosen in a). In

image of Fig. 7


Fig. 8. (a) Correlation coefficient and skill of the hwater as a function of the dissipation rate ε. (b) hwater (blue line) vs. SSH(black line). (c) Correlations between hwater and SSH.
(d) Distribution of skill (%) of hwater in accounting for the variance of SSH. Note, correlation coefficients exceeding 0.5 and skill exceeding 7% in the SCS are chosen in a). ε2−1 equals
200 d in (b)–(d).
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indicated that Luzon and Vietnam cold eddies are closely related to
wind stress curl. Liu et al. (2001a,b) pointed out that the seasonal
variation of SSH was due to wind seasonal variation in SCS. The
upwelling of the west off Luzon in winter and offshore of central
Vietnam in summer are almost related to wind stress curl (Qu,
2000; Xie S. P. et al., 2003; Yang and Liu, 2003). It is thus clear that
the sea surface wind stress is an important forcing source for ocean
from atmosphere.

In order to investigate the relationship between SSH and sea sur-
face wind stress curl in the SCS, we draw the time series plot of them
(Fig. 9). There is a good corresponding relation between them, and
the maximum correlation coefficient is 0.44 when wind stress curl
annomaly leads SSH by about 4 months.
Fig. 9. Comparison between SSH and wind stress curl anomaly. Posi
Ekman pumping is the simplest dynamic mechanism of wind-
induced SSH. Cyclonic (anticyclonic) wind stress curl produces sea sur-
face divergence (convergence), and leads to SSH decreasing (increasing).

Several investigators in the past have suggested that the SSH may
simply have the relevance of Ekman dynamics (Kelly et al., 1993;
Bhaskaran et al., 1993; Lagerloef, 1995; Stammer, 1997; Vivier et al.,
1999; Cummins and Lagerloef, 2002, 2004; Capotondi et al., 2005;
Cabanes et al., 2006; Qiu and Chen, 2006). Ekman pumping model
driven by the local wind stress forcing can also be written in the
form of a first-order autoregressive process Markov model by the
local Ekman pumping. Hasselmann (1977) applied stochastic climate
models to examine the response to Ekman pumping at station P and
over the northeast Pacific. Lagerloef (1995) applied a local stochastic
tive lags here indicate SSH leads the wind stress curlz anomaly.

image of Fig. 8
image of Fig. 9
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climate model (Frankignoul and Hasselmann, 1977; Hasselmann,
1977) and showed through canonical correlation analysis that time-
dependent Ekman pumping dynamics could account for low frequen-
cy dynamic height variability over the Gulf of Alaska. Cummins and
Lagerloef (2002) demonstrated that a local Markov model driven by
Ekman pumping to examine the structure of pycnocline depth vari-
ability forced by the dominant patterns of anomalous Ekman pumping
over the northeast Pacific (30°–60°N, 180°–240°E) during 1948–2000.
Cummins and Lagerloef (2004) further investigated the performance
of the local Ekman pumping model of their old work in 2002, by
estimating its ability to reproduce observed SSH variability in the
northeast Pacific during 1993–2003, and concluded that interannual
variability in the Gulf of Alaska is dominated by the local response to
wind forcing. Qiu and Chen (2006) used the same model to examine
the Ekman dynamics in which the SSH changes are determined by
the local wind stress curl forcing.

For the present application, the Markov model is expressed as:

∂hEK
∂t ¼ − g0 curlτ

ρ0gf
−ε3hEK ð10Þ

with the solution

hEK x; y; tð Þ ¼ − g
0

ρ0gf
∫t curlτ x; y; tð Þ exp −ε3 t−t

0� �h i
dt

0
ð11Þ

where hEK is thewind-induced SSH, g' is the reduced gravity, g is gravity
constant, ρ0 is the reference density, f is the Coriolis parameter, curlτ
is the vertical component of wind stress curl anomalies, and ε3 is
the Newtonian dissipation rate with the units of the inverse of
Fig. 10. (a) Correlation coefficient and skill of the hEK as a function of the dissipation rate ε.
tribution of skill (%) of hEK in accounting for the variance of SSH. Note, correlation coeffic
ε1−1=60 d.
time. To evaluate the Ekman pumping-induced hEK(x, y, t) field from
Eq. (10), we adopt the following parameter values: g'=0.03 m/s2,
ρ0=1024 kg/m−3. Eq. (10) is forced with monthly wind stress curl
anomalies derived from ECMWF ORA-S3 for the period 1960–2009.

Fig. 10 shows calculated results of hEK based on the local Markov
model. ε3−1 equals 60 d in Fig. 10b–d. hEK presents a strong seasonal
signal and its amplitude is 3.34 cm including annual amplitude of
2.98 cm (Fig. 10b). The east SCS is , for the most part, high correlation
coefficients and skills region. Correlation coefficients mostly exceed
0.5 and hEK can account for above 30% of the SSH in this region.

It is worth noting that the total amplitude of hheat and hEK is larger
than that of SSH. As previously stated, skill ranges between−∞ and 1.
High values for skill (S→1) indicate that observed and calculated SSH
are both well correlated and of the same magnitude. Negative values
denote low or negative correlations or larger magnitude for SSH.
Buoyancy Forcing and Markov models can only explain part of SSH.
For example, skill of hEK in the south SCS is below −120%. Checking
hEK in this area, we found hEK has high correlations but larger magni-
tude for SSH. Region-averaged hEK will inevitably produce errors. In
addition, difference of SSH phase in some region can also cause this
problem. There are other causes to affect SSH in the low skill region
(the Kuroshio, rivers, steric height caused by temperature and salinity
in the lower ocean, for example).

6. Steric component related to subsurface water in SSH

6.1. Interannual subsurface TSSL variability

Analysis of SSH induced by buoyancy flux and wind stress only
revealed seasonal variations, but large timescale can't be explained
(b) hEK (blue line) vs. SSH (black line). (c) Correlations between hEK and SSH. (d) Dis-
ients exceeding 0.5 and skill exceeding 30% in the SCS are chosen in (a). In (b)–(d),

image of Fig. 10
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(Figs. 7 and 10). To solve this, we calculate TSSL in the upper 1500 m
SCS. We can get a close relation (correlation coefficient is 0.76) be-
tween TSSL and SSH (Fig. 11b). TSSL can account for 88.5% of the
SSH in the SCS. TC can explain about 90% of TSSL, which is dominated
compared with SC in the steric height changes.

TSSL in the upper 1500 m includes large timescale, but TSSL in the
mixed layer only include seasonal signals. So we have to believe low
frequency signals beneath the mixed layer in the SCS. As shown in
Fig. 12, TSSL below the mixed layer has the same large-scale variation
with the SSH residual (low-pass filtered over 13 months).

To better understand TSSL in different layers below MLD, we plot
their time series in Fig. 13. There are distinct interannual variations
in the SCS subsurface layer (100-300 m), especially in the depth of
100–200 m.

Fig. 14 shows comparisons between subsurface layer TSSL (sub-
TSSL) and SOI/PDO/NPGO. Their correlations are 0.44, −0.27, and
0.48, respectively. The interannual variations of SSH are related to the
SCS subsurface water and affected by ENSO/PDO/NPGO.

6.2. Possible mechanism between sub-TSSL and ENSO/PDO/NPGO

Based on the ocean dynamics and numerical model experiments,
Qu et al. (2004) emphasized the role of oceanic bridge and pointed
out that the water transport of Luzon Strait between the SCS and
the Pacific Ocean is a key process conveying ENSO signal into the
SCS and influencing its circulation and heat budget. The volume
transports between the SCS and the adjacent oceans and the anoma-
lous Ekman pumping contribute a lot for SSH (Rong et al., 2007).
Interannual variability of SSH is closely related to water exchange in
the SCS. Luzon Strait transport (LST) is an important process convey-
ing the impact of ENSO to the SCS.

LST can be affected by westward Rossby waves in recent studies
(Sheu et al., 2010; Zhang et al., 2010; Zheng et al., 2011). Rossby
wave originate from the eastern/central North Pacific, which is the
region where the wind stress curl has its largest amplitude and is
the action center of the PDO-related wind anomalies (Mantua et al.,
1997; Qiu 2003). Wind stress curl anomalies over the eastern/central
Fig. 11. (a) Time series of TSSL, TC and SC. (b) SSH (solid bla
North Pacific Ocean generate rossby wave through Ekman divergence
(convergence). LST modulates interannual and decadal variability
on the western boundary via changes in the wind stress curl field of
the eastern/central North Pacific. Recently, it is found that in the
middle latitudes, the SSH anomalies are largely determined by wind
stress curl variations associated with the forcing of NPGO, rather than
the PDO (Ceballos et al., 2009; Zhang et al., 2011). Rossby waves carry
the signature of the NPGO across the eastern to the western boundary.

There are also striking responses of the Balabec Strait and Mindoro
Strait transport to ENSO. More water flow out the SCS when an El
Niño is in its developing stage and seem to balance the increased
LST (Rong et al., 2007). Water exchange between SCS and Sulu sea
through Balabec Strait and Mindoro Strait. Surface water is dominant-
ly controlled by atmosphere forcing, and subsurface water is affected
by climatic mode. Interestingly, spatial structure of SSH interannual
variability is dominantly distributed over the Sulu Sea in Section 3.2.
Shallower passages compared to Mindoro Strait connect the Sulu
Sea to the Sulawesi Sea and through the Philippine archipelago to
the west Pacific. Sulawesi Sea and west Pacific are equally important.

7. Summary and conclusion

In this paper, we investigate characteristics and the mechanisms
of SSH in 50 years (1960–2009) of ECMWF ORA-S3 data in the SCS.

Using stochastic dynamic analytic method to separate periodic
signal of SSH, we can find SSH in the SCS displays a distinct annual
cycle with minimum in February and maximum in August, and its
amplitude is 1.81 cm (Fig. 1). The semiannual amplitude is 0.99 cm.
SSH also displays obviously interannual variability. The SSH in the
SCS is coherent with the ENSO/PDO/NPGO on large timescale based
on the lead-lag relationship. During El Nino (La Nina) year, SOI has
a minimum (maximum) value, and SSH is low(high). It is evidenced
that the SSH variations in the SCS are strongly modulated by ENSO:
their changes are the same phase, negative phase of SOI (El Niño
event) corresponding to negative SSH; SOI positive phase (La Nina)
corresponding to positive SSH. When PDO(NPGO) is warm (cold)
phase, SSH have low values, and vice versa.
ck line) vs. modeled TSSL (dashed red line). Units: cm.
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Fig. 12. The sum of TSSL below the ML in the upper 1500 m vs. SSH residual (like in Section 3).
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Seasonal variations of SSH are induced by buoyancy fluxes and
local wind stress. SSH induced by buoyancy fluxes is determined by
changes of heat fluxes in the upper ocean. The effect of freshwater

fluxes can be neglected. Correlation coefficients between hheat and
SSH can reach above 0.5 in the northeast SCS. The seasonal amplitude
of hheat in the SCS is 2.3 cm including annual amplitude of 1.67 cm.
hheat displays significant seasonal variability (Fig. 10b). Fig. 10c and
d shows distribution of correlations and skill between hheat and SSH.
Heat fluxes have a great effect on SSH in the northeast SCS and its
contribution to SSH is above 30% in this region (Fig. 10d).

The hEK based on the local Markov model has strong correlation
relationship with the SSH in the east SCS (Fig. 10c). hEK presents a
strong seasonal signal and its amplitude is 3.34 cm, with annual
amplitude 2.98 cm. The hEK derived from Ekman pumping can account
for 20–65% of the SSH in the east SCS (Fig. 10d). Hence, the local wind
Fig. 13. TSSL below the ML
stress's contribution to seasonal SSH in the upper ocean is dominant,
and the buoyancy's contribution is secondary. It is worth noting that
the total amplitude of hheat and hEK is larger than that of SSH. This is
mainly because Buoyancy Forcing andMarkov models can only explain
part of SSH in the upper ocean. There are other causes to affect SSH (the
Kuroshio, rivers, steric height caused by temperature and salinity in the
lower ocean, for example).

On interannual timescale, SSH are closely related to the SCS sub-
surface water (depth about 100–300 m). The correlation coefficients
between TSSL in the subsurface layer and SOI/PDO/NPGO are 0.44,
−0.27, and 0.48, respectively. The sub-TSSL presents low/high value
at interannual variability when PDO and ENSO have strong positive/
negative phase signal. The phase of NPGO agrees with that of sub-
TSSL. When NPGO is warm (cold) phase, sub-TSSL have high (low)
values, and vice versa. Namely, ENSO/PDO/NPGOaffect the temperature
in the upper 1500 m.

image of Fig. 12
image of Fig. 13


Fig. 14. Comparison between sub-TSSL (solid blue line) and climate indices (SOI/PDO/NPGO) (dashed green line). Right plates are their lagged correlation. Positive lags here
indicate the lead of SOI/PDO/NPGO over the sub-TSSL.
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and salinity changes of the subsurface water in the SCS, and further the
interannual variability of SSH.
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