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Abstract

Sea level observed by altimeter during the 1993–2004 period, thermosteric sea level from 1945 through 2004, and tide gauge

records are analyzed to investigate the interannual variability of sea level in the South China Sea (SCS) and its relationship with

ENSO (El Niño and Southern Oscillation). Both the interannual variations of the observed sea level and the thermosteric sea level

are closely related to ENSO. An ‘enigma’ that the SST and sea level in the SCS have inverse response to ENSO is revealed. It is

found that the thermosteric sea level has an excellent correspondence to seawater temperature at 100 m depth, and their variations

are unsynchronized to SST. Detailed analysis denotes that the warming of seawater occurs only in the upper 75 m during and after

the mature phase of El Niño, while the cooling appears in the layers deeper than 75 m during El Niño years. The volume transports

between the SCS and the adjacent oceans and the anomalous Ekman pumping contribute a lot for the sea level fall in the

developing stage of El Niño, while the mass exchange, which is dominated by precipitation, plays a more significant role in the

following continuous negative sea level anomalies.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The South China Sea (SCS) is the largest marginal sea

in Southeast Asia as shown in Fig. 1. It is a semi-closed

basin surrounded by South China, the Philippines, Borneo

Island, and the Indo China Peninsula. Water can exchange

with the East China Sea, the western Pacific and the Indian

Ocean through the Taiwan Strait, the Luzon Strait and the

Malacca Strait, respectively. Because of its geographical

location, the sea surface temperature (SST) in the SCS is

closely related to ENSO (Klein et al., 1999;W.Wang et al.,

2000; C. Wang et al., 2006). Possible mechanisms have

also been widely discussed (Klein et al., 1999; Wang,

2002; Qu et al., 2004;Wang et al., 2006). The influence of

ENSO on the SCS SST is considered to be through the

atmospheric bridge of atmospheric circulations. Compared

to SST, investigations of sea level in the SCS have mainly

been focused on seasonal scale (Ho et al., 2000a; Liu et al.,

2001; Hu et al., 2001; Li et al., 2003). Based on 6 years of

TOPEX/Poseidon altimeter data, Hwang (2001) noted that

the interannual variation of the SCS sea level anomalies is

correlated with ENSO. Ho et al. (2000b) successfully

identified a third EOF mode (occupied 10% variance) that

is related with El Niño. Based on Modular Ocean Model

version 2, Qu et al. (2004) investigated the upper-layer heat
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content in the SCS and a strong signature of ENSO is

detected.

Until now, our understanding of interannual sea level

variability in the SCS is still very poor. In particular, the

mechanisms that are responsible for the SCS interannual

sea level variations are not clear. SST anomalies are found

to be increased during and after the mature phase of El

Niño (Klein et al., 1999; W.Wang et al., 2000; C. Wang et

al., 2006). However, since SST data reflects mainly the sea

surface thermal phenomena, deep layer water temperature

must be investigated in order to enhance our understanding

obtained from interpretation of altimeter observations. The

main purpose of this study is to examine the interannual

variability of the SCS sea level and its relationship with

ENSO. We first examine the sea level response to the

1997–1998 warming event and the La Niña event of

1999–2000. For this purpose, we calculate the thermos-

teric contribution to sea level observed by satellite altime-

ter, considering the 12 years of overlap between the

altimeter mission and the recently released global ocean

temperature dataset (Ishii et al., 2003, 2006). Then we

analyze the interannual variability of seawater temperature

and thermosteric sea level in the SCS during previous

decades (1945–2004). Finally, sea level anomalies derived

from tide gauge are used to study the correlation with

ENSO on a longer time scale. Possible mechanisms of the

interannual variability were discussed in Section 6. This

study extends the results of earlier works and provides new

insight on the long term correlation between interannual

sea level changes in the SCS and ENSO.

2. Data description

2.1. Altimeter data

A merged and gridded product of MSLA (Maps of

Sea Level Anomaly) produced by AVISO based on

TOPEX/Poseidon, Jason 1, and ERS-1 and ERS-2 data

Fig. 1. The bottom topography of the South China Sea and the straits between the SCS and the adjacent oceans.
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(Ducet et al., 2000) was used here. This product pro-

vides sea level anomalies relative to a 7-year mean from

1993 through 1999. It consists of maps produced every

7 days on a 1/3°×1/3° Mercator grid. This product has

been corrected for all geophysical errors. Because the

maps contain data from multiple altimeters, they are able

to resolve variability on scale as small as 150–200 km

with an accuracy of a few centimeters over most of the

globe (Ducet et al., 2000). Based on these gridded data

from Jan. 1993 through Dec. 2004, we first derived the

12-year mean of sea level anomalies at each grid point to

form a new reference surface, and the new time series of

sea level anomalies at each grid point was then derived

after subtracting the new reference surface. Then the

data are used to construct the time series of the monthly

mean sea level anomalies.

2.2. Historical ocean subsurface temperature dataset

The monthly objectively analyzed subsurface temper-

ature (version 6.2) at 16 levels in the upper 700 m for the

period 1945–2005 is the most recently available dataset

produced by Ishii et al. (2003, 2006). The analysis is

based on the World Ocean Database 2001(WOD01)

(Boyer et al., 2001), the Global Temperature–Salinity in

the tropical pacific provided by IRD (L'institut de

recherché pour le development, France), and the Centen-

nial in situ Observation Based Estimates (COBE) sea

surface temperature (Ishii et al., 2005). ARGO-profiling

buoy data and the latest GTSPP (Global Temperature–

Salinity Profile Program) data have also been used in

the final several years. A bug associated with the mixed

layer depth analysis has also been fixed (Ishii et al., 2006).

The spatial resolution of the data is 1°×1°, with the time

period from 1945 through 2004 was used here.

2.3. Thermosteric sea level

It is possible to estimate the thermosteric sea level by

using the temperature dataset described above. To

compute the thermosteric sea level, i.e. due to temp-

erature only, it is necessary to first convert the gridded

temperature anomalies to density anomalies at each

depth using the classical equation of state (Gill, 1982).

The thermosteric sea level is further obtained by ver-

tically integrating density anomalies at each grid point

and each time step according to (e.g. Lombard et al.,

2005):

hstericðx; y; tÞ ¼

Z 0

−H

q0ðx; y; zÞ−qðx; y; z; tÞ

q0ðx; y; zÞ
dz

where ρ0(x,y,z) is the reference density; ρ0 is a function

of reference temperature T0 (0° C), reference salinity S0
(Levitus climatology) and depth z. ρ(x,y,z,t) is a non-

linear function of temperature and salinity (Gill, 1982).

The Levitus climatology is used as the reference salinity

at each depth for Ishii temperature dataset.

3. The variability of observed and thermosteric sea

level in the South China Sea during the period

1993–2004

We first calculate the sea level trends over the period

1993–2004 by fitting at each grid mesh a linear function

after removal of the annual and semiannual signals. The

geographical distribution of the observed sea level trends

is shown in Fig. 2a. Positive sea level trends are found in

most part of the basin, only the lower center off the

southeast coast of Vietnam is below zero. However, it is

evidenced that the sea level trends in the SCS are not

homogeneous. The striking character is that a relatively

lower sea level trend (below average) lies in the

southwest–northeast direction across the central SCS

and sea level trends on both sides of it are generally higher

than average. Thermosteric sea level change for the

overlapping period of 1993–2004 is also available from

Ishii temperature dataset. To calculate the trends, a similar

method as for the observed sea level is used. Fig. 2b shows

the geographical distribution of thermosteric sea level

trends for the period 1993–2004. Note that the thermos-

teric sea level trends are positive all over the basin. A peak

center around 18° N, 117.5° E reveals a highest rising rate

of 8.5 mm/yr. The observed and the thermosteric sea level

trends show obvious differences to each other. This is

mainly because non-steric sea level variations obviously

exist in the SCS. Water mass redistribution due to water

exchange through the water cycle and the oceanic

circulation may have significant impacts on altimeter

observed sea level change, which are not part and not

included in the thermosteric estimate.

To investigate the water mass exchange over the

SCS, we simply calculated the regional average of the

observed and the thermosteric sea level anomalies over

the SCS. Fig. 3 shows the time series of the altimeter

observed and Ishii thermosteric sea level anomalies over

the SCS and the mass exchange denoted by their

difference. The annual fits are also superimposed. Note

that both the amplitude and the phase show difference

between the observed and thermosteric sea level

anomalies. Least squares fits to the data give annual

amplitudes of 48 mm and 36 mm for altimeter

observation and Ishii thermosteric sea level, respective-

ly. The annual amplitude of the observed sea level is
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12 mm larger than the thermosteric contribution. Also

there is a phase difference between them, with the

thermosteric sea level leading the observation by

3 months. The sea level variation due to ocean mass

exchange is the difference between the altimeter

observed sea level and the thermosteric contribution.

The annual variation of the altimeter observed sea level

corrected for thermosteric effect has an amplitude of

63 mm with a maximum in December. This variation

should result from ocean mass exchange between the

atmosphere and the continent via precipitation, evapo-

ration and runoff. Since the SCS is not a closed basin,

the water mass exchange between the SCS and the

adjacent oceans may also play a role.

Sea level anomalies during the period 1993–2004

may not be dominated by a straightforward trend but

rather by interannual fluctuations. It is difficult to

visualize the interannual variations of sea level in a plot

of monthly means. Seasonal signals are so large and

variable that the smaller, longer-period signals are

obscured. Thus appropriate filtering is needed for

visualization of these signals. In this study, the seasonal

signals of the time series were first removed by least

squares fits, and then a Butterworth low-pass filter with

a cut frequency corresponding to the period of 2 years

and order 5 was applied. Fig. 4 shows the low-pass

filtered SOI and the observed mean sea level anomalies.

As shown in Fig. 4, the curve of the mean sea level

anomalies appears dominated by interannual fluctua-

tions, particularly in the period 1997–1998 when the

SOI has a minimum (El Niño event) and in the year

1999 when the SOI has a maximum (La Niña event). It

is evidenced that the mean sea level anomalies over the

SCS are strongly corresponding to ENSO. Sea level

anomalies and SOI vary coherently: negative values of

the SOI (i.e. El Niño event) correlating with negative sea

Fig. 3. Time series of the mean sea level anomalies over the SCS

(a) altimeter observed sea level variation, (b) thermosteric sea level

variation, (c) the mass exchange. Annual fits are superimposed.

Fig. 2. The observed sea level trends over the SCS (a) and the thermosteric sea level trends (b) in the same area.
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level anomalies and conversely. The correlation between

the interannual components (the low-passed compo-

nents) of the mean sea level anomalies and the SOI

reaches 0.78 with SOI leading the mean sea level

anomalies by 4 months (see Table 1).

To better describe the spatio-temporal behaviors of the

interannual SCS sea level, we performed an empirical

orthogonal function (EOF) analysis (Preisendorfer, 1988)

over the period 1993–2004 to the gridded monthly sea

level anomalies data. The EOF analysis gives a possibility

to identify the main patterns of spatial and temporal

variability and to evaluate the contribution of different

components of variability, aswell as to look for significant

correlation with the external forcing. Here the seasonal

signals were first removed and a Butterworth low-pass

filtering the same as above was then applied.

Fig. 5 shows the first mode of the sea level decom-

position of the low-pass filtered fields, which accounts for

62% of the total variance. The spatial patterns of the first

EOF mode are characterized with the same sign basin-

wide, which indicate that they occur synchronously over

the whole sea (Fig. 5 top). However, the horizontal

gradients in amplitude are large, and a major signal (high

amplitude) is apparent at the southeast part of the SCS,

especially along the 15° N and extending to the central

Vietnam coast. The bottom panel of Fig. 5 shows the first

principal component time series and the SOI. Positive

amplitude of the principal component representing higher

sea level appears from mid-1998 to the end of 2003.

Negative amplitude of the principal component represent-

ing lower sea level appears from 1993 to mid-1998. The

comparison between the principal component and SOI

implies that the interannual variability of the SCS sea level

is highly correlated with ENSO. Sea level related to

ENSO falls synchronously during El Niño years over the

whole sea as denoted the same sign in Fig. 5 top, and a

reverse situation takes place during La Niña years.

4. Interannual variability of seawater temperature

and thermosteric sea level

4.1. Interannual temperature variability

The influence of ENSO on the SCS sea surface

temperature (SST) has been widely discussed in

previous studies (Klein et al., 1999; Wang et al., 2000;

Qu et al., 2004; Wang et al., 2006). It is found that SST

gets warmer in the SCS during and after the mature

phase of El Niño. The influence of ENSO on the SCS

SST is believed to be through the atmospheric bridge of

atmospheric circulation changes (Klein et al., 1999; C.

Wang et al., 1999; W. Wang et al., 2000; Wang, 2002;

Wang et al., 2006). During El Niño, convective activity

in the equatorial western Pacific shifts eastward. This

Fig. 5. First EOFmode of the sea level anomalies in the SCS (a) Spatial

pattern on top (b) principal component of the low-pass filtered SLA

and the low-pass filtered SOI on bottom.

Table 1

Correlation between SOI and the thermosteric sea level anomalies,

water temperature anomalies at 100 m depth, the SCS SST anomalies

and the observed sea level anomalies. Positive lag indicates a SOI lead.

All values are significant at 95% confidence level. The effective

degrees of freedom were estimated by using the method proposed by

Trenberth (1984)

Thermosteric

sea level

anomalies

(1945–2004)

Seawater

temperature

at 100 m

depth

(1945–

2004)

Sea surface

temperature

(1945–2004)

Observed

sea level

anomalies

(1993–2004)

Correlation 0.37

(0.53 for

1975–2004)

0.42 −0.44 0.78

Time lag

(month)

−3 (−3 for

1975–2004)

−1 5 4

Fig. 4. Comparison of the low-passed mean sea level anomalies in the

SCS with the low-passed SOI.
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shift in convection leads to an altered Walker circulation

and an anomalous descent is formed over the western

equatorial Pacific, while an anomalous ascent is formed

over the eastern Pacific. Thus, the Hadley circulation

strengthens over the eastern Pacific but weakens over

the Indo–Western Pacific (Klein et al., 1999; Wang,

2002). The SCS lies near the anomalous descent region.

Surface wind, air temperature, humidity, and cloud

cover were altered there which in turn influence the

ocean circulations and surface heat fluxes and eventu-

ally SST.

Fig. 6 gives a comparison of the SOI with the SST

anomalies in the SCS. In Fig. 6a, the SOI has been

multiplied by a factor of −1 to facilitate comparison.

The linear trend of SST has been removed, and both SOI

and the SST anomalies are time series of 3-month

running means (the average of 3 months data). Here we

find that the correlation between the SCS SST anomalies

derived from Ishii dataset and SOI is −0.44 and is

significant at the 95% confidence level, with SOI

leading the SCS SST anomalies by 5 months (see

Table 1). Every ENSO event is associated with a change

of the SCS SST anomalies. The consistency with earlier

investigations confirms the accuracy of the dataset and

our analysis. We also applied a wavelet coherence

analysis (Grinsted et al., 2004) to SOI and the SCS SST

anomalies. The wavelet coherence is used to examine

the correlation in both frequency bands and time

intervals. Fig. 6b shows the wavelet coherence between

SOI and the SCS SST anomalies. The SOI and SCS SST

anomalies show significant coherence in the 2–7 year

periods. A relatively lower coherence is found from

1945 to 1960. Vectors in Fig. 6b indicate the phase

difference between the SOI and the SCS SST anomalies

at each time and period, with in-phase pointing right,

anti-phase pointing left, and SOI leading SCS SST

anomalies by 90° pointing straight up (Grinsted et al.,

2004). In the 2–7 year periods, the SOI and the SCS

SSTare approximately 180° out of phase, indicating that

warmer SST during El Niño years and colder SST in La

Niña years.

It is worth to note that responses of the SCS SST

anomalies and the SCS mean sea level anomalies to SOI

(i.e. ENSO) are completely out of phase (see Figs. 4 and

6a and correlations in Table 1). The SST reached its

maximum with a lag of about 5 months behind the

mature phase of El Niño, while the sea level anomalies

reached its minimum with a lag of about 4 months.

Fig. 6. Comparison of the SOI with the SST anomalies in the SCS (a) the time series of SOI (shaded curve) and SST anomalies (red curve). SOI has

been multiplied by a factor of −1 to facilitate comparison. The linear trend of SST has been removed and both time series are 3-month running means.

(b) The wavelet coherence and phase relationship between SOI and SCS SST anomalies. The thick black contour is the 5% significance level and the

cone of influence where edge effects might distort the picture is shown as a lighter shade. The vectors indicate the relative phase relationship (with in-

phase pointing right, anti-phase pointing left, and SOI leading SCS SSTanomalies by 90° pointing straight up). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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What's the reason for such an ‘enigma’? Since the SST

anomalies reflect mainly the sea surface thermal

phenomena, deep layer water temperature must be

investigated in order to enhance our understanding. To

explain this ‘enigma’, the seawater temperature varia-

tions at each depth during the period 1945–2004 are

investigated. For each depth, the Ishii seawater

temperature anomalies are averaged over the SCS, and

a 3-month running mean is then applied to the seawater

temperature anomalies. Correlation between tempera-

ture anomalies and SOI is then evaluated at each depth.

Fig. 7 shows the correlation corresponding to different

time lags between seawater temperature anomalies and

SOI as a function of depth. While the largest negative

correlation of −0.44 between the SST anomalies and

SOI is detected, with SOI leading the SST anomalies by

5 months, positive correlations between the temperature

anomalies and SOI are detected in all intermediate

layers deeper than 75 m. This indicates that while SST

and seawater temperature in the upper 75 m are

singularly warm, seawater temperatures of intermediate

layers (75–700 m) are abnormally cold. The largest

positive correlation between the seawater temperatures

of intermediate layers and SOI is found to be 0.42 at

100 m depth when the SOI lags the seawater tem-

perature by 1 month (see Table 1), and it is significant at

the 95% confidence level. The abnormally colder water

in the intermediate layers during El Niño years may

account for the negative anomalies of sea level during El

Niño years (see Fig. 4).

Taking seawater temperature anomalies at 100m depth

as an example of intermediate layers, Fig. 8 gives a

comparison of the SOI with the seawater temperature

anomalies at 100 m depth in the SCS. In Fig. 8a, both SOI

and the seawater temperature anomalies at 100 m depth

are time series of 3-month running means. It is found that

every ENSO event is associated with a change of the

seawater temperature anomalies at 100 m depth, i.e.

cooling during El Niño years and warming during La

Niña years. Fig. 8b shows the wavelet coherence between

the SOI and the SCS seawater temperature anomalies at

100 m depth. Fig. 8b reveals that the most significant

coherence occurs in the 2–7 year periods. Also, from

1980 to 2005, there is appreciable coherence at longer

periods. Vectors in Fig. 8b indicate that the SOI and the

seawater temperature anomalies at 100 m depth have in-

phase variation in the 2–7 year periods. Comparing

Fig. 6b with Fig. 8b, one will note that the vectors in the

2–7 year periods are approximately in opposite direction.

This further reveals that responses of SST and seawater

temperature at 100 m depth, as an indication of

intermediate layers, to ENSO are reverse.

4.2. Interannual thermosteric sea level variability

Responses of seawater temperatures anomalies at

intermediate layers to SOI (i.e. ENSO) are different to

that of the SST anomalies in the SCS. The question then

is: “How does the thermosteric sea level response to

ENSO?” In order to answer this question, we further

calculate the mean thermosteric sea level anomalies over

the SCS from 1945 through 2004 and then try to

investigate their correlation with ENSO.

For the 1945–2004 period, the thermal expansion of

seawater at the 0–700 m layer of the SCS contributed

approximately 0.14mm/yr to the SCS sea level rise. Fig. 9

gives a comparison of the SOI with the thermosteric sea

level anomalies averaged in the SCS, after removing the

seasonal signals and the rising trend. The temporal

correspondence of the thermosteric sea level anomalies in

the SCS to SOI (i.e. ENSO) is striking. The SCS

thermosteric sea level is negative during El Niño years,

and it changes from below normal to above normal at the

end of an El Niño event. Positive anomalies of

thermosteric sea level seem to be a common feature in

La Niña years. The SCS thermosteric sea level anomalies

have a negative minimum around the mature phase of El

Niño. The correlation between the SCS thermosteric sea

level anomalies and SOI reaches 0.37, with the SCS

thermosteric sea level anomalies leading SOI by3months.

Fig. 7. Correlation corresponding to different time lags as a function of

depth between seawater temperature anomalies and SOI. The solid line

represents positive correlation, the dashed line represents negative

correlation, and the positive lag indicates that the SOI leads the

seawater temperature anomalies.
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Furthermore, the correlation does not appear steady in

time. The correlation with a SOI lead of 3 months was

0.20 during the 1945–1975 period, and increased to 0.53

during the 1975–2004 period (see Table 1). As shown in

Fig. 9b, the coherence is significant in only one band with

the periods around 5 years before 1975, while it is also

significant at longer periods in the 8–15 year band after

1975. This can explain why the correlation is lower before

and higher after 1975. Note that the phase difference has

also decreased from about 90° (the upward arrowhead)

before 1975 to about 0° (the rightward arrowhead) after

1975, in band with the period around 5 years. The high

correlation after 1975 could mean that El Niño had a

larger effect on sea level variation.

Comparing Figs. 6, 8 and 9, it is worth to note that the

thermosteric sea level anomalies have a good correspon-

dence to seawater temperature anomalies at 100 m depth

and are out of phase with SCS SST anomalies. As shown

in Fig. 7, seawater temperature at 100 m depth may be an

indication of the intermediate layers, i.e. deeper than

75 m. We may deduce that the thermosteric sea level

variations are mainly due to temperature variations in the

intermediate layers. Seawater temperature anomalies in

the upper 75m can usually be easily explained in terms of

local air–sea interaction while mechanisms of the deeper

anomalies are more complicated. However, the warming

of seawater in the upper 75 m during and after the mature

phase of El Niño may have an effect on thermosteic sea

level rising for the year following the ENSO event.

5. Interannual sea level variability from tide gauges

Finally, we examine time series from tide gauge data to

study the correlation between SOI and observed sea level

on a longer time scale. Four tide gauges stations around the

SCS are selected for this study. The four tide-gauge

stations are: Quarry Bay (22°18′ N, 114°13′ E), ZHAPO

(21°35′ N, 115°50′ E), VUNGTAU (10°20′ N, 107°04′

E), and KOTA KINABALU (5°59′ N, 116°04′ E), whose

locations are denoted by a, b, c, and d in Fig. 1. Here the

time series named as Quarry Bay is obtained from the data

of both Quarry Bay (22°18′N, 114°13′E) andNorth Point

(22°18′N, 114°12′E) inHongKong, which are from quite

separate sites in areas of reclaimed land but which are

geodetically connected to a common. The trends of the

four tide gauges are 0.8±0.4 mm/yr, 2.2±0.4 mm/yr, 5.7±

1.1 mm/yr and 5.0±1.6 mm/yr, respectively, as indicated

in Fig. 10, where the error bars are the 95% confidence

Fig. 8. Comparison of the SOI with the seawater temperature anomalies at 100 m depth in the SCS (a) the time series of SOI (shaded curve) and

seawater temperature anomalies at 100 m depth (red curve). The linear trend of seawater temperature has been removed and both time series are 3-

month running means. (b) The wavelet coherence and phase relationship between SOI and SCS seawater temperature anomalies at 100 m depth. The

thick black contour is the 5% significance level and the cone of influence where edge effects might distort the picture is shown as a lighter shade. The

vectors indicate the relative phase relationship (with in-phase pointing right, anti-phase pointing left, and SOI leading seawater temperature anomalies

by 90° pointing straight up). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Comparison of SOI (shaded curve) with sea level anomalies (red curve) observed by tide gauge at four stations: (a) Quarry Bay (22°18′ N,

114°13′ E), (b) ZHAPO (21°35′ N, 115°50′ E), (c) VUNGTAU (10°20′ N, 107°04′ E), (d) KOTA KINABALU (5°59′ N, 116°04′ E). The trends of the

four tide gauges are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Comparison of the SOI with the mean thermosteric sea level anomalies in the SCS (a) the time series of SOI (shaded curve) and the mean

thermosteric sea level anomalies (red curve). The linear trend of thermosteric sea level has been removed and both time series are 3-month running

means. (b) The wavelet coherence and phase relationship between SOI and the mean thermosteric sea level anomalies. The thick black contour is the

5% significance level and the cone of influence where edge effects might distort the picture is shown as a lighter shade. The vectors indicate the

relative phase relationship (with in-phase pointing right, anti-phase pointing left, and SOI leading thermosteric sea level anomalies by 90° pointing

straight up). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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interval. All of the four stations show a rising trend though

differences exist due to different time intervals and

geographical locations. Fig. 10 also gives comparisons of

SOI with the sea level anomalies observed by tide gauge at

four stations after removing the seasonal signals and rising

trend.As shown in Fig. 10, inmany instances, sea level and

SOI vary coherently, negative SOI (i.e. El Niño events)

correlating with negative sea level and conversely.

However, Fig. 10 also shows a few opposite examples,

e.g. negative SOI during the period from 1994 to 1996

correlating with positive sea level anomalies at VUNG-

TAU. Wavelet coherence analysis to SOI and sea level

anomalies time series at these tide-gauge stations also

reveal a high coherence between them (not shown). The

interannual variability of sea level derived form tide gauges

on a longer time interval confirms the results obtained from

the relatively shorter altimeter observation.

6. Possible mechanisms of the interannual

variability

6.1. Volume transports between the SCS and the

adjacent oceans

Since the SCS is a semi-closed ocean basin, seawater

can exchange with the East China Sea, the Pacific Ocean,

the Sulu Sea and the Java Sea through the Taiwan Strait,

the Luzon Strait, the Balabec Strait and the Mindoro

Strait, and the Karimata Strait, respectively, which may

play important roles on sea level variation in the SCS. The

total transport through Luzon Strait is essentially

westward, and the mean value is estimated to be ranging

from 0.5 to 10 Sv (Wyrtki, 1961; Metzger and Hurlburt,

1996; Qu, 2000; Lebedev and Yaremchuk, 2000; Chu and

Li, 2000; Qu et al., 2000; Yaremchuk and Qu, 2004; Qu

et al., 2004). With a set of numerical experiments,

Metzger andHurlburt (1996) noted that LST (LuzonStrait

transport) is particularly sensitive to the model geometry.

In this study, the seawater exchange between the SCS and

the adjacent oceans is estimated based on SODA (Simple

Ocean Data Assimilation) global reanalysis datasets

(Carton and Giese, submitted for publication). This

datasets are provided on a 0.5°×0.5° horizontal resolution

with 40 levels from 5 m to 5347 m, with the time interval

from 1958 to 2004. The variables in the datasets include

temperature, salinity, zonal and meridian velocities, wind

stress and sea surface height. Here the zonal and meridian

velocities are used to calculate the volume transport.

The annual cycles of the volume transports between

the SCS and the adjacent oceans are shown in Fig. 11. In

Fig. 11, the negative value denotes flowing in and the

positive value denotes flowing out. In this study, ‘EN’

denotes the El Niño event, ‘LN’ denotes the La Niña

event, and ‘All’ denotes the all years. Seawater enters

into the SCS through the Luzon Strait over the whole

year. The total transport through Luzon Strait has a

maximum (3.1 Sv westward) in December and a

minimum (0.74 Sv westward) in May. Most seawater

entering into the SCS through the Luzon Strait flow out

through the Karimata Strait. The volume transport

through the Karimata Strait lags the LST by 1 month,

with a maximum (2.6 Sv southward) in January and a

minimum (0.37 Sv northward) in July, i.e. seawater

enters into the SCS from June through August. The

volume transports through the Balabec Strait and the

Mindoro Strait are relatively weak. Seawater flows

through the two straits into the SCS during the months

from November through July, and flow out during other

months. The volume transport through the Taiwan Strait

is northward over the whole year with a peak 1.5 Sv in

June, and it decreases from July to December and

increases from January to June.

Fig. 11. Variations of Luzon Strait transport (LST) at 120.75° E, the

Karimata Strait transport (KST) at 1.25° N, the Balabec Strait and the

Mindoro Strait transport (BMST) and the Taiwan Strait transport

(TST) at 24.75° N, with the time interval extending from 1958 to 2004.

The Unit is Sv, with flowing in negative, flowing out positive. Note

that [0] and [1] refer to the El Niño (La Niña) year and the subsequent

year of the El Niño (La Niña) year, respectively. Geographic locations

of these sections are shown in Fig. 1.
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The volume transports are also grouped by El Niño and

La Niña years (Table 2) and the monthly means are

recalculated for each group. The mean patterns of volume

transports related to ENSO are also shown in Fig. 11. In

this study, [0] and [1] refer to the El Niño (La Niña) year

and the subsequent year of the El Niño (La Niña) year,

respectively. During July [0] through January [1],

especially in the summer (July [0] through September

[0]), the LST is larger than average during El Niño events

by about 0.9 Sv and lower than average during La Niña

events by about 0.6 Sv. In other months, LST during both

El Niño and La Niña events does not normally differ from

non-ENSOmeans. There are also striking responses of the

Balabec Strait and Mindoro Strait transport to ENSO.

More water flow out the SCS during the months of July

[0] through September [0] when an El Niño is in its

developing stage and seem to balance the increased LST.

There are no apparent changes ofKarimata Strait transport

and Taiwan Strait transport during El Niño and La Niña

conditions. As indicated by earlier studies (e.g. Qu, 2001),

SST isotherms are oriented chiefly northeast–southwest,

with SST decreasing from about 28.5° off Borneo to lower

than 26.5° near the southern coast of China. That is to say,

water enters the SCSwith a lower temperature through the

Luzon Strait and leave with higher temperature through

the Karimata Strait, the Balabec Strait and the Mindoro

Strait. At the developing stage of an El Niño event, the

increased LST will produce a stronger than normal

Table 2

List of El Niño and La Niña years from 1958 to 2004, which are taken

from the following web site http://www.coaps.fsu.edu/products/

jma_index.php. El Niño and La Niña years denote the months from

October of the indicated year to September of the next year, e.g. the

ENSO year 1997 starts October 1997 and ends September 1998

El Niño 1963, 1965, 1969, 1972, 1976, 1982, 1986, 1987, 1991,

1997, 2002

La Niña 1964, 1967, 1970, 1971, 1973, 1974, 1975, 1988, 1998,

1999

Fig. 12. The composite distributions of the oceanic circulation anomalies in September [0] based on SODA dataset(1958–2004) (a) El Niño years at

surface, (b) La Niña years at surface, (c) El Niño years at 112 m depth, (d) La Niña years at 112 m depth.
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cooling advection which eventually cools the SCS. This is

consistent with earlier analysis (Qu et al., 2004).

Meanwhile, volume transport through the Balabec Strait

and theMindoro Strait is larger than in normal years in the

developing stage of an El Niño, thus more water with

higher temperature flow out through the two straits, which

is apt to cool the SCS. The final effect of these processes is

to form negative sea level anomalies when an El Niño

happens. The situation is reversed during La Niña years.

6.2. Oceanic circulation

Fig. 12 shows the mean oceanic circulation anomalies

in September [0] at surface and 112 m depth for El Niño

(EN) and La Niña (LN) based on the SODA dataset. Here

September [0] denotes the September in El Niño (or La

Niña) years. Obviously, there is an anomalous anti-

clockwise circulation in September [0] when an El Niño

is in its developing stage, and this anomalous anti-

clockwise circulation can extend to the depth deeper than

100 m (Fig. 12c). The anti-clockwise circulation indicates

a divergence in the central deep basin. Cold water is

pumped from the deep layer to the surface and are further

driven to the coastal areas due to the circulation system. So

sea level in the deep basin should be lower than the normal

during and after the developing stage of an El Niño.

Fig. 13 shows the composite distributions of sea level

anomalies in September [0] based on SODA dataset and

altimeter observations, respectively. Both maps from

reanalysis data and observation show that sea level

anomalies in the deep basin are apparently lower than the

normal during El Niño events and higher during La Niña

Fig. 13. The composite distributions of sea level anomalies in September [0] from SODA (1958–2004) andAltimeter Observations (1993–2004) (a, c)

El Niño years, (b, d) La Niña years. The thick black contour is the zero line.
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events. The mechanism may be the southwesterly

monsoon. In summer when an El Niño event is in its

developing stage, an anomalous cyclonic circulation

exists over the western Pacific, which indicates a weak

western Pacific subtropical high (Huang et al., 2004). This

is apt to form cyclonic wind anomalies over the SCS,

which will induce seawater divergence anomalies in the

SCS, and eventually anti-clockwise oceanic circulation

anomalies. Meanwhile, the increased Kuroshio intrusion

is apt to enhance the north branch of the anti-clockwise

oceanic circulation, which may also play a role for the

forming of the anomalous anti-clockwise circulation

(Fig. 12a, c). The divergence in the central deep basin

may also explain why seawater temperature at 100 m

depth is abnormally cold before and during the mature

phase of El Niño, since the thermocline was shoaled due

to Ekman pumping. In the preceding summer of a La

Niña, the situation seems reversed. An anomalous clock-

wise circulation is formed in the central SCS (Fig. 12b, d),

which represents seawater convergence there. A conse-

quence of the convergence is that it piles up warm water

there. The sinking of the warm water will deepen the

mixed layer depth and the ocean is apt to capture more

heat during La Niña years, and sea level will rise then.

When an El Niño event happens, atmospheric con-

vective activities are enhanced over the equatorial cen-

tral and eastern Pacific and weakened over the tropical

western Pacific. The anomalous convection over the

central Pacific strengthens the local Hadley cell, and

also produces anomalous subsidence over Indonesia

(via the altered Walker cell), thereby weakens the

Hadley cell in this remote region (Klein et al., 1999;

Wang, 2002). Corresponding to the anomalous sinking

are anomalous anticyclones above the off-equatorial

western Pacific during and after the mature phase of El

Niño (Weisberg and Wang, 1997; Wang et al., 1999;

Huang et al., 2004). The South China Sea lies near the

region of descent in the anomalous Walker cell. During

the mature phase of an El Niño (November to January)

there are anomalous south or southwest winds in the

South China Sea (not shown). This anomalous circula-

tion opposes the mean wintertime northeast flow which

can transport cold and dry air. Thus it will induce a

reduction in the mean surface wind speed and the

occurrence of cold air breaks. Accordingly, the latent

and sensible heat flux will be significantly reduced

(Klein et al., 1999). So SST is abnormally high during

and after the mature phase of El Niño. Usually, there is a

La Niña following the El Niño, for example the 1997 El

Niño and the 1998 La Niña. The warmer SST after the

mature phase of El Niño may also play a role in sea level

rising during La Niña years.

6.3. Water mass exchange through the water cycle

For the water mass exchange in the SCS, not only its

annual signal is very strong (with an amplitude of 63mm),

but also its interannual variability plays a significant

contribution to the observed sea level variation. Fig. 14

shows the interannual variation of the mass exchange (i.e.

altimeter height minus thermosteric height) after remov-

ing the seasonal signals (annual and semiannual signals),

and the SOI is also superimposed. The interannual

variation of the mass exchange is closely related to SOI

(ENSO). The correlation between them reaches 0.42, with

the SOI leading the mass exchange by about 4 months.

Less water enter into the SCS during El Niño years, for

example the 1997–1998 El Niño year. A reverse situation

takes place during La Niña years, with more water

entering into the SCS, such as the 1998–1999 and 1999–

2000 La Niña years. To further understand the mass

exchange in the SCS, we try to investigate the

precipitation variation over the SCS (1.25°–23.75° N,

101.25°–121.25° E), as a part of the mass exchange. The

CMAP (CPC Merged Analysis of Precipitation) precip-

itation data are used here. This dataset consists of monthly

averaged precipitation rate values (mm/day), with a

temporal coverage from 1979 to 2006. The precipitation

data are obtained from 5 kinds of satellite estimates (GPI,

OPI, SSM/I scattering, SSM/I emission and MSU) (Xie

and Arkin, 1997).

Fig. 15a shows the mean precipitation rate over the

SCS and the corresponding annual fits are superimposed.

The annual signal of the precipitation rate has an

amplitude of 3.2 mm/day, with a maximum in August

and a minimum in February. Fig. 15b shows the inter-

annual variation of the precipitation rate after removing

the seasonal signals (annual and semiannual signals). The

temporal correspondence of precipitation rate with ENSO

is striking. The correlation between the precipitation rate

and SOI is 0.55, with SOI leading the precipitation by

1 month. In general, the precipitation rate is lower during

Fig. 14. Comparison of the SOI (shaded curve) with the mass exchange

(i.e.altimeter observed sea level minus thermosteric sea level) after

removing the seasonal signals (annual and semiannual signals).
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El Niño years and higher during La Niña years. It is worth

to note that interannual variation of mass exchange is

dominantly controlled by the interannual variation of

precipitation. Its peak to peak amplitude is about 4 mm/

day. This will account for about 60 mm negative sea level

anomalies during El Niño years. During El Niño years,

there is an anomalous subsidence of the Walker cell over

the western equatorial Pacific. It is not surprising to see

that the reduced convection over there decreases the cloud

cover, which is apt to reduce the precipitation. The

situation is reversed during La Niña years, convection is

enhanced over the western equatorial Pacific and the

precipitation rate is high over the SCS.

Note that although the thermosteric sea level falls

(rises) during El Niño (La Niña) years, it varies about

3 months leading the SOI (see Fig. 9 and Table 1). The

fall of thermosteric sea level before and during the

mature phase of El Niño does play an important role for

the observed sea level fall. However, other factors should

account for the following continuous fall of sea level,

since the observed sea level reaches its minimum with a

lag of 4 months behind the SOI (See Table 1). Mass

exchange through the water cycle plays a role to balance

this. Fewer water enter into the SCS during El Niño years

and more water enter into the SCS during La Niña years.

That is to say, the thermosteric contributes a lot for the

sea level fall in the developing stage of El Niño, while the

mass exchange, mainly due to precipitation, plays amore

significant role for the following continuous negative sea

level anomalies.

7. Summary

Based on altimeter observed sea level data, Ishii

temperature data and tide gauge data, this study provides

a detailed description of interannual variability of

observed and thermosteric sea level in the SCS. The

conclusions are summarized as follows.

Sea level anomalies in the SCS are dominated by

interannual fluctuations. Interannual variation of ob-

served sea level shows a good correspondence with

ENSO. The mean sea level anomalies are negative

during El Niño years and positive during La Niña years.

EOF analysis of the low-pass filtered sea level

anomalies also reveals that the sea level has a response

to ENSO. The first EOF mode related to ENSO

occupied 62% of the total variance. Sea level falls

synchronously during El Niño years over the whole sea,

and rises during La Niña years.

An ‘enigma’ that the SST and the sea level over the

SCS have almost inverse response to ENSO is revealed.

While SST reaches its maximum with a lag of 5 months

behind the mature phase of El Niño, sea level reaches its

minimum with a lag of 4 months. Such an ‘enigma’ is

revealed by calculating the heat expansion of seawater

in the 0–700 m layer. The SST is mainly determined by

seawater temperature in the surface layer. The sea level

is related to the heat expansion of seawater in all the

layers. This study has indicated that the correlation

between SOI and seawater temperature in the upper

75 m is negative and that in the intermediate layers

Fig. 15. (a) The CMAP precipitation rate over the SCS (red line) and the annual fits (gray line); (b) Comparison of the SOI (shaded curve) with the

precipitation rate after removing the seasonal signals (annual and semiannual signals). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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(deeper than 75 m) is positive (see Fig. 7). Comparison

of the SOI with the seawater temperature anomalies at

100 m depth in the SCS implies that the seawater

temperature anomalies at intermediate layers have a

synchronous correspondence with SOI (see Fig. 8) and

also the thermosteric sea level anomalies (see Fig. 9).

This suggests that the thermosteric sea level anomalies

are dominantly controlled by seawater temperature

anomalies of the intermediate layers.

During July [0] through September [0] when an ElNiño

is in its developing stage, more cold water enter into the

SCS through the Luzon Strait, and more warm water flow

out the SCS through the Balabec Strait and the Mindoro

strait. A stronger than normal cooling advection will play a

negative role in sea level variation over the SCS.

Meanwhile, there is an anomalous weak Western Pacific

high at the developing stage of an El Niño (Huang et al.,

2004). This will alter the wind field over the SCS, and an

anomalous anti-clockwise oceanic circulation is formed

over the SCS, indicating an abnormally divergence over

the central SCS. Sea level there is abnormally lower than

the normal during El Niño conditions and higher during La

Niña conditions. The anomalous divergence will also

explain why seawater temperature at 100 m depth is

anomalously cold before and during themature phase of an

El Niño, since the thermocline was shoaled due to Ekman

pumping. The anomalous anti-clockwise circulation plays

a negative role in the thermosteric sea level variation and

eventually the observed sea level. The situation is reversed

during La Niña years.

During El Niño, the atmospheric convective activity

in the equatorial Pacific shifts eastward and an

anomalous descent is formed over the tropical Indo–

western Pacific (Klein et al., 1999; Wang, 2002).

Corresponding to the anomalous descent are anomalous

anticyclones above the off-equatorial western Pacific

during and after the mature phase of El Niño (Weisberg

and Wang, 1997; Wang et al., 1999). The SCS locates

near the region of anomalous descent motion. It is

unsurprising that the reduced convection decreases the

cloud cover and eventually reduces the precipitation

during El Niño years. The decreased precipitation plays

a significant role for the continuous negative sea level

anomalies, which will account for about 60 mm sea

level fall during El Niño years. On the other hand, the

anomalous descent motion, associated with the anom-

alous anticyclone in north western Pacific will alter the

surface wind, humidity, air temperature and cloud cover

over the SCS, which in turn increase the net heat flux

entering the SCS, thereby leading to enhanced SST

(Klein et al., 1999; Wang et al., 2006). Usually, there is a

La Niña following the El Niño, for example, the 1997 El

Niño and the 1998 La Niña. The abnormally warm SST

after the mature phase of El Niño may also play a role

for the sea level rise during La Niña years.
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