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Abstract In this study, El Nifio Southern Oscillation
(ENSO)-induced interannual variability in the South China
Sea (SCS) is documented using outputs from an eddy-
resolving data-assimilating model. It is suggested that during
an El Nifo (La Nifa) event, off-equatorial upwelling
(downwelling) Rossby waves induced by Pacific equatorial
wind anomalies impinge on the Philippine Islands and excite
upwelling (downwelling) coastal Kelvin waves that propa-
gate northward along the west coast of the Philippines after
entering the SCS through the Mindoro Strait. The coastal
Kelvin waves may then induce negative (positive) sea level
anomalies in the southeastern SCS and larger (smaller)
volume transport through the Mindoro and Luzon Straits
during an El Nifio (La Nifia) event.

Keywords ENSO - Coastal Kelvin waves - Mindoro
Strait - Luzon Strait - Bluelink model

1 Introduction

The South China Sea (SCS) is a semi-enclosed marginal
sea in the western Pacific, connecting the Pacific Ocean
through the Luzon and Taiwan Straits to the east and the
Indonesian Seas and Sulu Sea through the Karimata and
Mindoro Straits to the south (Fig. 1). Sea surface
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temperature (SST) variability and heat balance in the SCS
are important to its regional climate. Air—sea heat fluxes in
the SCS are influenced by El Nifio Southern Oscillation
(ENSO) events through atmospheric teleconnection (Klein
et al. 1999; Wang et al. 2006a). Oceanic exchange between
the SCS and the Pacific through the Luzon Strait is also
modulated by ENSO (Qu et al. 2004), though ENSO
influences from the low-latitude channels on the SCS have
not been documented.

ENSO-related sea level (thermocline) anomalies in the
tropical Pacific propagate westward as equatorial and off-
equatorial Rossby waves. After impinging on the western
boundary of the Pacific, part of the Rossby wave energy is
reflected as equatorial Kelvin waves, while part of the
energy is able to penetrate through narrow gaps at the
western boundary and into the eastern Indian Ocean along
the northwest coast of Australia as coastal Kelvin waves
(Clarke and Liu 1994; Feng et al. 2003, 2004; Spall and
Pedlosky 2005).

In this study, outputs from an eddy-resolving data-
assimilating hydrodynamic model are used to document
that the ENSO-related sea level (thermocline) signals at the
equatorial western Pacific can also penetrate into the
southeastern SCS, through the narrow Mindoro Strait, and
propagate northward as coastal Kelvin waves along the
west coast of the Philippines to reach the northern tip of
the Luzon Island (Fig. 1). The ENSO-related variability in
the volume transports through the Mindoro and Luzon
Straits is also documented.

2 Data and model output

The hydrodynamic model output used in this study was
derived from the Bluelink ReANalysis (BRAN), which was
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Fig. 1 Geography of the South
China Sea and its surrounding
region. Lightly shaded areas
denote water depth shallower
than 200 m as derived from the
ETOPOS dataset. A schematic
of the planetary wave
propagation from the Pacific
into the southeastern SCS is
shown with solid and dashed
arrows. The bold lines are
chosen for estimating the
respective volume transports
through Luzon, Taiwan,
Karimata, Mindoro, Balabac,
and Malacca Straits from
BRAN
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based on a global ocean model called OFAM (Ocean
Forecasting Australia Model). OFAM was developed as
part of the Bluelink partnership between the Common-
wealth Scientific and Industrial Research Organisation
(CSIRO), the Bureau of Meteorology (BoM), and the
Royal Australian Navy (Schiller et al. 2008). BRAN was
forced by the European Centre for Medium-Range Weather
Forecasts (ECMWF) wind stress, heat and freshwater
fluxes; it also assimilated satellite (including altimeter) and
in situ data. The model has 0.1° horizontal resolution inside
the Australia region (90°E—180°, south of 16.5°N). Outside
of this domain, the horizontal resolution decreases to 0.9°
across the Pacific and Indian basins and to 2° in the
Atlantic Ocean. In the SCS, the zonal resolution is 0.1°,
and the meridional resolution is variable with latitude (the
resolution south of 16.5°N is 0.1°, and decreases to 0.8°
near 24.6°N). In the vertical, BRAN has 47 levels with
10-m resolution from the surface down to 200-m depth.
BRAN was used to generate the 1993-2008 archives of
daily ocean currents, sea surface height, salinity, and
temperature in three dimensions. The BRAN model
resolves the Mindoro Strait well: at the southern Panay Sill,
it has a sill depth of about 500 m and a channel width of
about 50 km at 200-m depth (Fig. 2). The model captures
the bottom-trapped outflow from the SCS, though the
extent of the outflow reaches a shallower depth compared
to observations (Tessler et al. 2010).

The merged (T/P or Jason-1 plus ERS-1/2 or Envisat)
weekly sea level data (http://www.jason.oceanobs.com) is
used. It covers the globe with 1/3° resolution on a Mercator
grid from October 1992. The European Remote Sensing

@ Springer

110°E 115°E 120°E 125°E 130°E

(ERS) monthly wind stress data is obtained from the
CERSAT (Centre ERS d’Archivage et de Traitement,
French ERS Processing and Archiving Facility), at IFR-
EMER (French Research Institute for Exploitation of the
Sea), Plouzané (France) (http://www.ifremer.fr/cersat/en/
data/). The wind stress data covers the globe from 79.5°S to
79.5°N with 1° horizontal resolution, spanning from March
1992 to December 2000. The Nifio 3.4 index is obtained
from the Climate Prediction Center of the National Oceanic
and Atmospheric Administration. Gridded temperature
anomaly fields from monthly mean climatologies, after
correcting for instrumental biases of bathythermograph
data and after correcting or excluding some Argo float data
(Levitus et al. 2005), are obtained from National Oceano-
graphic Data Center.

3 BRAN simulation of seasonal ocean circulation
of the SCS

Although BRAN does not resolve the northern SCS with
high horizontal resolution, the seasonal ocean circulation in
the SCS under the monsoonal wind forcing is reasonably
reproduced by BRAN (Fig. 3): a double-gyre during boreal
summer, with an anti-cyclonic (cyclonic) circulation in the
south (north) (Fig. 3, top); a strong southward western
boundary current driven by northeast monsoonal wind dur-
ing boreal winter (Fig. 3, bottom). These circulation patterns
are consistent with a recent review by Hu et al. (2000).

The average westward volume transport across the
Luzon Strait is 4.81 Sv in BRAN. The average outflow


http://www.jason.oceanobs.com
http://www.ifremer.fr/cersat/en/data/
http://www.ifremer.fr/cersat/en/data/

ENSO-induced interannual variability

129

Fig. 2 Left panel two sections
chosen to estimate the volume
transport through the Mindoro
Strait. Right panel the average 18°N }
meridional velocity across the
southern section (section I1)
near the Panay Sill (11°N). The

volume transports across the 15°N |
two sections are almost identical
in BRAN
12°NT
NI

Mean V (mis)

Depth(m)

volume transports across the Taiwan, Karimata, and
Mindoro Straits are 1.44, 1.42, and 2.27 Sv respectively,
which are within the range of early estimates, except for
the Mindoro Strait (Table 1; Metzger and Hurlburt 1996;
Qu 2000; Su 2004; Tian et al. 2006; Cai et al. 2005; Dong
et al. 2008; Fang et al. 2009). Using satellite-derived sea
surface height and ocean bottom pressure measurements
and rectangular hydraulic control theory and geostrophic
control, Qu and Song (2009) estimate a full-water column
transport of 2.4 Sv and a bottom layer transport of 1.3 Sv.
Summing up volume transport through all channels of the
SCS, including the minor volume transports through the
Balabac and Malacca Straits (Table 1), there is a 0.58-Sv
imbalance in the BRAN transport. This is owing to the
data-assimilating nature of BRAN, which may not con-
serve volume properly.

The transport through the Luzon Strait is westward over
the annual cycle, with a peak occurring in December
(Fig. 4, top panel). The outflow through the Karimata Strait
has a maximum southward transport during boreal winter
and is northward during summer. The annual transport
through the Taiwan Strait is mostly northward, being
strong in summer and weak in winter, and the maximum
outflow through the Mindoro Strait occurs during October
to November. The seasonality of the volume transports
through these four Straits in BRAN is similar to results
derived from an inverse model (Yaremchuk et al. 2009;
Fig. 4, lower panel).

4 ENSO-related interannual variations in the SCS

In BRAN, as well as in the altimeter data (not shown), sea
level anomalies (SLA) off the Philippines in the western
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Longitude

Pacific are negatively correlated with Nifo 3.4 SST at a
4-month lead time, as Rossby wave responses in the wes-
tern Pacific generated by equatorial wind anomalies
(Fig. 5). The negative correlation increases to about —0.7
at the zero-month lead time and has penetrated into the
southeastern SCS from the southern tip of the Philippine
Islands. It is likely that part of the Pacific Rossby wave
energy has been converted into coastal Kelvin wave energy
that propagates around the Philippine Islands. The width of
the Mindoro Strait is about half of the mean baroclinic
Rossby deformation radius at this latitude (~ 100 km);
thus, the transmission of coastal Kelvin waves can be quite
efficient (100%) as derived from a theoretical rotating-
hydraulics model (Johnson and Garrett 2006). The Kelvin
wave signals can be tracked northward along waveguide
off the west coast of the Philippine Islands, reaching the
Luzon Strait. Rossby waves may have radiated from the
coastal Kelvin waves and propagated into the interior SCS.

Coastal tide gauge sea level records show that it takes
less than 2 weeks for the low frequency signals to propa-
gate from Davao to Manila (not shown). Thus, a Hovmo-
eller diagram of sea level anomalies cannot capture the
alongshore propagation of the interannual coastal Kelvin
wave accurately. However, historical temperature data
have significant, coastally trapped correlations with the
Nifio 3.4 index in the upper ocean off the west coast of the
Philippines, with a peak correlation above —0.4 at the
thermocline depth (Fig. 6). The correlations between
BRAN temperature anomalies and the Nifio 3.4 index have
a similar structure, and with a peak correlation above —0.6.
These would be indirect evidence of the existence of
coastal Kelvin waves along the Philippines coast.

At 4-month lag time, the negative correlations in the
southeastern SCS off the west coast of the Philippine
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currents in the SCS from BRAN

Table 1 Average volume transports estimated for various channels
of the SCS

Volume transports (Sv)

Luzon Taiwan Karimata Mindoro Balabac Malacca

Caietal. —4.06 201 226 ~0.12 008 -
(2005)

Dong et al. —4.64 043  3.74 045 011 -
(2008)

Fangetal. —4.80 171  1.16 135 041 0.16
(2009)

This study —4.81 144  1.42 227 —001 027
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ENSO-related SLA variation in the southeastern SCS is
the dominant mode of sea level variability in the SCS. The
correlation between the SLA in the SCS and Nifio 3.4 index
becomes less significant at 8-month lag time (Fig. 5).
Interannual anomalies of the outflow through the
Mindoro Strait have similar magnitude and are almost out
of phase with those through the Luzon Strait (maximum
correlation of —0.83 at zero-lag) (Fig. 7). During the peak
of the 1997/98 El Nifno event, there was an almost 4-Sv
increase in volume transport through the Luzon Strait into
the SCS, while the outflow from the Mindoro Strait also
increased by more than 2 Sv; the opposite occurred during
the 1999 and 2000 La Nifia event. The correlations
between the two transport time series and the Nifio 3.4
index are both about 0.7, with the Nifio 3.4 index lagging
for 2 months. The Karimata Strait transport is not signifi-
cantly correlated with the Nifio 3.4 index. The high
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Fig. 5 Correlation coefficients between BRAN’s sea surface height
anomalies and the Nifio 3.4 index at a lead time (in months) of 4 (top
left), O (top right), —4 (bottom left), —8 (bottom right). Values less

correlations between the transport anomalies through the
Luzon and Mindoro straits are consistent with the coastal
Kelvin wave propagation, and the ENSO-related transport
anomalies through the Luzon Strait are likely partly driven
by coastal Kelvin waves. The results are consistent with
Wang et al. (2006b), i.e., remote wind forcing influences
the SCS throughflow transports through planetary wave
propagations.

Wind stress curl anomaly in the southeastern SCS is
highly correlated with the Nifio 3.4 indices (—0.61). The
correlation between the SLA and the zonal wind stress curl
anomalies in the southeastern SCS is 0.44, slightly higher
than the correlation between the SLA and the meridional
wind stress anomalies, —0.36 (not shown). Thus, local
winds may play a lesser role in generating the ENSO-
related SLA anomalies in the southeastern SCS, compared
with remote forced signals. Numerical model simulation
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Fig. 6 Linear correlations between annual mean temperature anomaly
observations along 15.5°N during 1955-2003 and the Nifo 3.4 index
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Fig. 7 a Interannual anomalies of the volume transports through the
Luzon, Mindoro, Karimata Straits, integrated from surface to ocean
bottom along the bold line in Fig. 2 (bold/solid lines are smoothed
time series and positive values denote transport going into the SCS),
and the Nifio 3.4 index (shaded). b—d Lag correlations of volume
transport anomalies through Luzon, Mindoro, and Karimata Straits

has confirmed the transmission of Pacific Rossby wave
signals through the Mindoro Strait into the SCS, generated
by wind anomalies over the equatorial Pacific (about 5% of
total Pacific Rossby wave energy, based on a replication of
a model experiment designed by Spall and Pedlosky 2005,
not shown).

5 Summary

Using data-assimilating numerical model output and his-
torical datasets, this study has documented the ENSO-
related interannual variability of sea level (thermocline)
and ocean circulation in the southeastern SCS. It is
hypothesized that ENSO-related off-equatorial Rossby
waves in the western Pacific may have penetrated into the
southeastern SCS through the Mindoro Strait and propa-
gated along the west coast of the Philippine Islands
northward as coastal Kelvin waves. The interannual coastal
Kelvin waves may have induced the ENSO-related volume
transport anomalies across the Mindoro and Luzon Straits.
These processes affect regional ocean circulation in the
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with the Nifio 3.4 index (horizontal axis denotes time lag in months).
Assume the sample number n = 24, the critical value t, = 2.074 with
95% signiﬁcance level. Then the critical value of the coefficient

Te = 2\/7= 2+12 = 0.4044

southeastern SCS similar to those with which the ENSO
signals affect the ocean circulation in the southeastern
Indian Ocean. Although a coarse-resolution ocean model
simulation has supported this hypothesis, high spatial res-
olution modeling with realistic bathymetry is necessary to
corroborate results from this study.
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