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Abstract This study deals with standing wave or seiche events using cruise observations, satellite altime-
ter data, and theoretical analysis. Cruise missions in summer 2007 and 2009 detected internal oscillation sig-
nals in the South China Sea (SCS) deep basin. The signals have average wavelengths of 320 and 390 km and
the maximum amplitudes of 50–100 m at layers 500–700 m and 1500–1700 m. Satellite altimeter sea level
anomaly (SLA) images and the second intrinsic mode function (IMF2) images derived from the empirical
mode decomposition (EMD) analysis show that the observed internal oscillations are a portion of 2-D seiche
modes, which lasted for at least 2 weeks. We recognize that the observed internal oscillation signals repre-
sent seiche modes H5,3 and H5,1 derived from a rectangular model ocean basin with a uniform depth, a
west-east length of 1000 km and a north-south width of 800 km. Statistical analysis of standing wave modes
H4,0, H5,1, and H5,3 with the average wavelength of 500, 390, and 320 km indicates that from 1993 to 2012
(1045 weeks), total 94 events with total temporal coverage of 218 weeks are affirmed. The total occurrence
frequency is 20.9%. Histograms of annual distributions of seiche events and timespans show an interannual
variability of about 9 years, with peak years 1993, 1994, 1998, 2001, and 2011. While monthly distributions
show an intraseasonal variability double-peaked in May and October, transit periods of East Asia monsoon
in the SCS.

1. Introduction

Previous investigators have found that a standing wave phenomenon may occur in an enclosed or semien-
closed body of water, and termed the phenomenon ‘‘seiches’’ [Lamb, 1945; Raichlen, 1966; Wilson, 1972; Mei,
1992; Rabinovich, 2009]. Toshiyuki and Kajiura [1982] observed seiche-induced sea surface level displace-
ment as high as 2.78 m in the Nagasaki Bay, Japan, which is connected with the East China Sea and charac-
terized by active seiches. Cao et al. [2001] analyzed 65 seiche events in the harbors along the Bohai Sea and
the Yellow Sea coasts, and found that thunderstorms and squall lines are main mechanisms for formation of
large-amplitude seiches. Xia et al. [2002] detected 327 short-period seiche events along the north coast of
the SCS from the tidal gauge records from 1953 to 1994. The observed amplitudes of seiches range from 20
to 102 cm. Seiche phenomena were also observed in the Adriatic Sea [Vilibić and Mihanović, 2003] and the
Sulu Sea [Giese and Hollander, 1987]. All the above-mentioned cases are categorized to the atmospherically
forced seiches. Therefore, they appear as water surface seiches. For semienclosed open seas, seiches may
appear as long, low-frequency standing waves. Metzner et al. [2000] observed seiches of wavelengths up to
several hundred kilometers in the Baltic Sea.

For coastal ocean seiches, major generation mechanisms include atmospheric forcing, such as wind or
atmospheric pressure gradients, and tides. Minor mechanisms include seismic disturbances such as tsunami
and seismically formed ocean waves. For a semienclosed ocean basin, W€uest and Farmer [2003] suggested
that the oscillations in connected water bodies, having a periodicity close to that of the eigen oscillation
mode or one of harmonics of the basin, are an important disturbance source to initiate seiche events. A set
of seiche eigen periods and associated modal structures is a fundamental property of the ocean basin,
which is independent of the external forcing mechanisms. In all the cases, seiches are generated if and only
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if the disturbances satisfy the res-
onant conditions with the ocean
basin, i.e., the periods or wave-
lengths of the disturbances are
the same as or very close to the
resonant periods or wavelengths
of eigen modes of the basin.

In a vertically stratified water
body, the internal waves that
occur and propagate in water are
a common phenomenon [W€uest
and Farmer, 2003]. Similarly to
water surface seiches, it is possi-
ble for the internal waves to gen-
erate internal seiches, when the
traveling internal waves and the
internal waves reflected by the
basin boundaries overlap each
other and form standing waves.
M€unnich et al. [1992] observed
such internal seiches in an alpine
lake.

The South China Sea (SCS) is a
large marginal sea of the west

Northern Pacific Ocean (NPO), covering a water area between 2�30‘N and 23�30‘N and 99�10‘E and
121�50‘E. As shown in Figure 1, the SCS is a semienclosed ocean basin surrounded by lands or broad conti-
nental shelves on the north, west, and south sides and a generally north-south running island chain consist-
ing of the Taiwan Island and the Philippine Islands (T-P) on the east side. There is a deep basin with a
maximum depth deeper than 5500 m, lying SW-NE ward at the central and eastern SCS. On the east side,
water of the SCS connects with water of the NPO through gaps of the T-P island chain. The major gaps are
the Luzon Strait (LS) located between the Taiwan Island and the Luzon Island and the Mindoro Strait cross-
ing the Philippine Islands (Figure 1). The SCS is characterized by strong stratification, energetic and active
internal waves [Ramp et al., 2004; Zheng et al., 2007, 2008a, 2008b; Cai et al., 2012] and mesoscale eddies
[Wang and Chern, 1987; Li et al., 1998; Metzger and Hurlburt, 2001; Wang et al., 2003; Jia and Liu, 2004; Wang
et al., 2008b; Xiu et al., 2010; Hu et al., 2011, 2012; Nan et al., 2011; Xie et al., 2011; Zheng et al., 2011; Lin
et al., 2012]. In particular, previous investigators have evidenced propagation of the Rossby waves originat-
ing from the NPO into the SCS [White and Saur, 1981; Hu et al., 2001; Zheng et al., 2011; Hu et al., 2012].

The above analysis indicates that the SCS deep basin has three remarkable features: (1) semienclosed
geometry, (2) strong stratification, and (3) direct connection to the NPO, a powerful, broad-bandwidth oscil-
lation source. These three features constitute favorable dynamical conditions for generation of internal
seiches. The next section analyzes the standing wave or seiche modes using a rectangular model ocean
basin. Sections 3 and 4 analyze the internal seiche phenomena in the cruise data observed in the SCS deep
basin in summer 2007 and 2009. Section 5 gives statistical analysis of seiche events. Sections 6 and 7 con-
tain discussion and conclusions.

2. Standing Wave Modes

The basic theory of standing waves or seiche oscillations is similar to the theories of free and forced oscilla-
tions of mechanical, electronic, and acoustic systems. In other words, seiche oscillations in a semienclosed
ocean basin have physical characteristics similar to the vibrations of a guitar string or an elastic membrane
[Rabinovich, 2009].

For a rectangular ocean basin with a length L (x 5 0, L), a width l (y 5 0, l), and a uniform depth H, seiche
oscillations have the form [Lamb, 1945; Mei, 1992]

Figure 1. A chart of the SCS deep basin. Blue diamonds and codes 1–14 along 18�N line
AA show conductivity-temperature-depth (CTD) survey stations for a cruise mission from
20 to 24 August 2007. Red rectangle represents a model ocean basin used for calculation
of eigen modes. Numerals on isobaths and color bars are in m.
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where g is the gravitational acceleration.

The eigen wavelengths can be derived from equation (2)
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In the case of the SCS, we use a rectangular model ocean basin to approximately represent the SCS deep
basin as shown in Figure 1. The model has a west-east length L of 1000 km, and a north-south width l of
800 km. From equation (4), we calculate a set of eigen wavelengths of seiche modes kmn. The eigen wave-
lengths for m 5 0, 1, 2, . . . 10 and n 5 0, 1, 2, 3 are listed in Table 1. One can see that the eigen wavelength
components are abundant but discrete. From the view of the sea level, the standing waves would result in
alternative positive-negative sea level anomaly corresponding to the wave crest and trough. A combination
of m and n represents a 2-D standing-wave-induced sea level field mode Hm,n (see H5,1 and H5,3 in Figure 6).

From Figure 6, one can see that each positive (negative) sea level anomaly center is surrounded by negative
(positive) sea level anomaly centers and forms an isolated high (low) sea level elevation (depression). To
sustain the sea level elevation (depression), the water body must rotate anticyclonically (cyclonically),
depending on the initial conditions, the background circulation and the Coriolis force, so that the sea level
elevation (depression) center behaves like an anticyclonic (cyclonic) eddy.

3. Seiche Event Observed in August 2007

3.1. Cruise Observations
A hydrodynamic cruise mission was carried out by South China Sea Institute of Oceanology, Chinese Acad-
emy of Sciences in the SCS deep basin in August 2007 [Nan et al., 2011]. The CTD survey was conducted
along section 18�N as shown as section AA in Figure 1. There are 14 CTD stations coded from 1 to 14 distrib-
uted between 111�E and 119�300E. Most distances between two adjacent stations are 0.5� longitude, except
1� longitude from station 3 to station 6 and between stations 13 and 14. The water depth is gradually get-
ting deeper eastward from 1405 m at station 1 to 5500 m between stations 13 and 14. The data collection
was done from 20 to 24 August 2007. At each station, the water temperature, salinity (conductivity), and
depth (pressure) were observed at a sampling interval of 24 Hz with Seabird SBE-911 or Seabird SBE-25 con-
ductivity, temperature and depth profiler (both from Sea-Bird Electronics, Inc.). The major specifications of
the profilers are temperature accuracy 0.001�C and temperature resolution 0.0002�C, conductivity accuracy

Table 1. The Eigen Wavelengths (km) of the SCS Deep Basin Derived From a Rectangular Model Ocean Basin of 1000 by 800 km

m 5 0 1 2 3 4 5 6 7 8 9 10

n 5 0 2000 1000 667 500 400 333 288 250 222 200
1 1600 1249 848 615 477 388 326 281 247 220 198
2 800 743 625 512 424 356 308 269 239 214 194
3 533 515 471 416 365 320 283 252 226 205 187
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0.0003 S m21 and resolution 0.00004 S m21, pressure accuracy 0.125 db and resolution 0.0125 db (about
1 m of the vertical resolution of raw data).

The vertical distribution of the density rh calculated from measured temperature and salinity data from the
sea surface to depth 1100 m as shown in Figure 2a. One can see that below 100 m down to 1100 m, there
are systematical internal oscillation signals along isopycnals. We measure dominant wavelengths of the sig-
nals as 320 km from 100 to 700 m and 340 km below 850 m. Note that in a layer from 350 to 700 m the sig-
nals contain another short-wavelength component with a wavelength of about 120 km. The vertical
distribution of the maximum amplitudes of internal oscillation signals (peak-trough) is shown in Figure 2b.
One can see that the maximum amplitudes up to 100 m are also distributed in the 350–700 m layer. Beyond
the layer, the amplitudes gradually decrease in the upper and lower layers.

Further examining Figures 2a and 2b, we find that the initial disturbance with the largest amplitude
(�100 m) was first formed at 600 m near the western boundary of the deep basin (around 112�E), and
appeared as a peaked leading pulse with a long oscillating tail. This disturbance signal was regulated to
near monochromatic oscillations when propagating upward and downward, implying a resonant set up
process of the disturbance signal with the SCS deep basin.

3.2. Interpretation of Satellite Sea Level Data
From the cruise data, we have found the internal oscillation signals and determine their oscillation source
located at layer of 500–700 m. However, it is impossible to obtain the horizontal propagation features of
the oscillation signals from the cruise observations of 5 days from 20 to 24 August 2007. In order to further
understand the nature and the variability of the oscillations, we use satellite sea level data as a supplemen-
tary means.

Satellite altimeter sea level data used in this study are maps of absolute dynamic topography (MADT) and
sea level anomaly (SLA) data from 6 January 1993 to 26 December 2012. Both data products are produced
and distributed by Archiving Validation and Interpretation of Satellite Data in Oceanography (AVISO), the
Centre National d’�Etudes Spatiales (CNES) of France. MADT data are defined as the sea surface height above
the geoid, thus including sea level anomaly (SLA) and mean dynamic topography (MDT). The data sets are
merged products derived from TOPEX/POSEIDON (T/P), Jason-1/2 (French-US altimeter satellites), ERS-1/2
(European Remote Sensing satellites), and ENVISAT (European Remote Sensing satellite) altimeters. The
gridded MADT are geophysically/meteorologically corrected (tides, ionosphere, wet and dry troposphere)

Figure 2. Vertical distributions of (a) the density (rh) along section 18�N and (b) the maximum amplitudes of internal oscillation signals
(peak-trough).
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and interpolated onto Mercator
grids of 1/4˚ horizontal resolution
with global ocean coverage
except high latitude oceans. The
sea level height accuracy of the
products is about 2 cm.

Figure 3 shows MADT of the north
SCS and the adjacent NPO of 5,
10, 15, 20, and 25 August 2007,
covering the cruise mission from
20 to 24 August 2007. One can
see a row of three sea level eleva-
tion centers E11, E12, and E13 dis-
tributed along around 18�N in the
SCS deep basin between the
mouth of the Gulf of Tonkin and
the Luzon Island. The imagery
patterns show the following
important information: (1) E11–
E13 are generally shaped of an
ellipse with a length scale of
about 150 km and central sea lev-
els of 20–35 cm higher than the
mean sea level; (2) E11–E13 are
evenly spaced with the average
distance of 320 km; and (3) the
most important point is that posi-
tions of E11–E13 sustained
unchanged for at least 3 weeks
from 5 to 25 August 2007, in other
words, they were standing there.

3.3. Correspondence of Sea
Level Signatures and Internal
Oscillations
In order to determine the feasibility
that the SLA signatures are used to
represent the internal oscillation
signals, we examine the correlation
relations between the two.

Figures 4a and 4b show a wave
pattern comparison of the sea
level along 18�N in the SCS deep
basin taken from weakly SLA

images on 15, 22, and 29 August 2007 to internal oscillations of isopycnals 24, 24.5, 25, 25.5, and 26 meas-
ured along the same section during the cruise mission from 20 to 24 August 2007. One can see that the
two groups of wave patterns have a remarkable negative correlation relationship with a maximum
correlation coefficient of 20.8 at 300 m. Further calculations of correlation coefficients versus the depth
indicate that the correlation coefficients higher than 20.5 are distributed at a layer from 150 to 700 m
rather than the surface layer, as shown in Figure 4c. Meanwhile, we find that the amplitude of the SLA sig-
natures g and that of the internal oscillation signals 1 satisfy an empirical relation of g 5 (1.51 1 5.5) 3 1023,
with a correlation coefficient R2 5 0.99.

The above analysis results indicate that there exist excellent wave pattern correspondence and quantitative
amplitude dependence between the SLA signatures and the internal oscillation signals. This implies that it

Figure 3. MADT of the north SCS and the adjacent NPO on 5, 10, 15, 20, and 25 August
2007. Three sea level elevation centers E11, E12, and E13 are distributed along around
18�N in the SCS deep basin with the average distance of 320 km. Color codes are abso-
lute sea levels in cm.

Journal of Geophysical Research: Oceans 10.1002/2014JC009957

ZHENG ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 5



is feasible to use satellite SLA data for analyzing existence, propagation, and evolution of mesoscale internal
oscillations in the semienclosed SCS deep basin. Meanwhile, the above analysis results confirm that the
three standing sea level elevation centers distributed along around 18�N in the SCS deep basin, which is
shown in MADT time series on 5, 10, 15, 20, and 25 August 2007, were sea surface manifestations of the
internal oscillation signals observed by the cruise mission from 20 to 24 August 2007. This represents an
internal seiche event, which has ever been observed in the SCS deep basin.

3.4. Comparison of SLA Patterns to Seiche Modes
Sea level signatures in MADT as shown in Figure 3 contain contributions from a broad spectral band of
ocean processes. However, standing wave modes may occur at specific frequencies or wavelengths. As
above mentioned, the three standing sea level elevation centers in Figure 3 represent an internal standing
wave train, which has an average wavelength of about 320 km. In order to compare sea level signatures of
internal standing waves to 2-D seiche modes as shown in Figure 6, we extract 2-D sea level patterns of
320 km band from SLA data from 6 January 1993 to 26 December 2012 using an empirical mode decompo-
sition (EMD) method. The method is a time-frequency (wave number) analysis technique [Huang et al.,
1998]. The key point of the method is that any complicated data set can be decomposed into a finite and
often small number of intrinsic mode functions (IMFs) depending the nature of the data sets. The IMFs,
which are determined by the signal itself but not predetermined kernels, represent the natural oscillatory
mode embedded in the signal. After removing all number of IMFs from the data set, the remaining data are
the local trend for the observation period. Mathematically, a time series data set x(t) is decomposed in terms
of IMFs, cj, i.e.,

x tð Þ5
Xn

j51

cj1rn;

where rn is the trend or residue. IMFs are simple oscillatory functions with varying amplitude and frequency.
The structure of each IMF is determined by the natural amplitude variations in the time series.

In order to obtain 2-D IMFs of the SCS deep basin, we apply the EMD method to decomposition of 2-D SLA
images. From 2-D IMF images, we estimate that wavelengths of wave-like SLA patterns in IMF2 are within a
range from 300 to 500 km, which covers that of the observed standing waves in the SCS deep basin. Figure
5 shows two cases of 2-D SLA images of IMF2 of the SCS and adjacent NPO on 29 August and 26 September
2007. One can see that regular patterns of alternate positive-negative SLA centers are distributed in the SCS
deep basin enclosed by dashed lines. Figure 6 shows comparisons of the SLA patterns to standing wave
modes of a uniformly deep ocean basin of 1000 by 800 km. Figure 6a shows the case of 29 August 2007,

Figure 4. Comparison of SLA signatures (a) to cruise-measured internal oscillation signals of isopycnals (b) along 18�N in the SCS deep
basin in August 2007, and (c) vertical distribution of correlation coefficients between the two.
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which represents the same seiche event observed by the cruise mission from 20 to 24 August 2007 and
shown in Figure 3. Figure 6b shows theoretical standing wave mode H5,3 (for m 5 5 and n 5 3). The pattern
similarity of Figures 6a and 6b is 75% (13.5/18). Both images show that the wavelength of standing waves is
about 320 km. Figures 6c and 6d show the case of 26 September 2007, 4 weeks later of the case of 29
August. The wave patterns had evolved to theoretical standing wave mode H5,1. The pattern similarity of
Figures 6c and 6d is 87.5% (10.5/12). The wavelength of standing waves is about 390 km. The two cases
indicate that the nature of standing eddy or standing wave phenomena observed in the SCS deep basin is
one of intrinsic standing wave or seiche modes of the basin.

4. Seiche Event Observed in Summer 2009

4.1. Cruise Observations
Two years later from the cruise mission of August 2007, a following cruise mission in the SCS deep basin
was carried out by Xiamen University, China. The CTD survey with the same instruments and methods as
the cruise mission of August 2007 was conducted along the same section 18�N as section AA in Figure 1,
but at six stations: LE03 (18.00�N 112.00�E), LE04 (17.99�N 113.00�E), LE05 (18.00�N 114.00�E), KK-1 (18.25�N
115.66�E), LE09 (17.99�N 118.00�E), and E406 (18.74�N 120.00�E) from 22 July to 13 August 2009 [Sun et al.,
2009]. Figure 7 shows the vertical distribution of the density calculated from cruise-measured temperature
and salinity data. One can see the following features. (1) There are systematical oscillation signals along iso-
pycnals. (2) The maximum amplitude (peak-trough) of about 50 m shows on the isopycnal of 27.6 kg m23

located at about 1700 m and centered at 118�N. The amplitudes gradually decrease upward. This seems
showing that the initial disturbance source is located at a layer around 1700 m and the disturbance propa-
gates upward only. (3) There are upward peaks centered at around 114 and 118�N, implying that the wave-
length of signals is around 400 km.

4.2. Satellite Sea Level Data
Figure 8 shows MADT of the north SCS and the adjacent NPO of 10, 15, 19, and 25 August 2009, partially
covering and following the cruise mission from 22 July to 13 August 2009. One can see that similarly to the
case of August 2007, a row of three sea level elevation centers E21, E22, and E23 with central sea levels of
10–25 cm higher than the mean sea level was distributed along around 18�N between the mouth of the
Gulf of Tonkin and the Luzon Island. The average distance of three eddies is about 380 km. During the
observed period from 10 to 25 August 2009, the central positions of three eddies sustained unchanged,
namely, they were standing there.

The coherence of three sea level elevation centers E21, E22, and E23 with geostrophic current fields is
shown in Figure 9. The curve in Figure 9a represents an SLA transect along 18�N taken from EMD-derived

Figure 5. SLA images of IMF2 of the SCS and adjacent NPO on 29 August and 26 September 2007. Dashed-line rectangles represent the
SCS deep basin defined in Figure 1. Color codes are SLA in cm.
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IMF2 of 19 August 2009 derived from of 2-D SLA images, as shown in Figure 10. Figure 9b shows a section
of meridional component v of geostrophic current fields along 18�N derived from CTD data measured dur-
ing the cruise mission of July to August 2009. A 2500 m is selected as a zero level for computing the geo-
strophic current. One can see very good coherence between the two, i.e., the positive (negative) sea level
gradient is corresponding to the positive (negative) meridional geostrophic current. Alternative appearance
of the positive and negative currents reveals the wave motion nature of the row of eddies. Vertically, the
disturbed depth of the wave motion (|v|> 0) reaches deeper than 2000 m, while the strongly disturbed
layers (|v|> 0.05 m s21) are concentrated at upper 1000 m.

4.3. Comparison of SLA Patterns to Standing Wave Mode
In order to reconfirm the identity of seiche event observed in July to August 2009 and standing wave
mode, we compare 2-D SLA IMF2 in the SCS deep basin (dashed-line rectangle in Figure 10) on 19 August
2009 with theoretical standing wave mode H5,1 of a uniformly deep model ocean basin of 1000 by 800 km.
As shown in Figure 11, the pattern similarity of Figures 11a and 11b is 75% (9/12). The two images show
that the wavelength of standing waves is about 380 km. This case confirms once again that the nature of
standing eddy or standing wave phenomena observed in the SCS deep basin is one of intrinsic standing
wave or seiche modes.

5. Statistics of Seiche Events in the SCS Deep Basin

In sections 3.3 and 4.2, we have illustrated that the sea level signatures in satellite MADT and SLA images
and their EMD-derived IMF images can be used to represent seiche modes of the SCS deep basin, and veri-
fied the feasibility to extract the data and information on occurrence, propagation, and evolution of the
modes. In this section, we use EMD-derived IMF2 images from 20 years of satellite SLA data from 6 January
1993 to 26 December 2012 for statistical analysis of seiche events occurring in the SCS deep basin.

Figure 6. Comparisons of SLA IMF2 derived from the EMD analysis and seiche modes of the model SCS deep basin. (a) Extended seiche
event observed by the cruise mission from 20 to 24 August 2007 and (b) a schema of corresponding standing wave mode H5,3. (c) The
same seiche event but evolving for 4 weeks later and (d) a schema of corresponding standing wave mode H5,1. Color codes are in cm in
Figures 6a and 6c, and in arbitrary unit in Figures 6b and 6d.
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We identify a seiche event by
two criteria: (1) amplitudes of
alternative positive and negative
SLA centers should be larger
than 2 cm and (2) standing SLA
imagery patterns should last at
least for 2 weeks, i.e., the patterns
should repeat to appear at least
in two sequentially weekly
images. Based on the two criteria,
we do occurrence statistics for
standing wave modes H4,0, H5,1,
and H5,3 with the average wave-
length (�k) of 500, 390, and
320 km, respectively. The results
are listed in Table 2. One can see
that during the 20 years (1045
weeks), total 94 events with total
temporal coverage of 218 weeks
are affirmed. The occurrence fre-
quency increases with mode
number: 3.9%, 7.7%, and 9.3% for
H4,0, H5,1, and H5,3, implying that
seiches of shorter wavelengths
occur easier. The total occurrence
frequency is 20.9%.

Figure 12 shows histograms of
annual and monthly distributions
of seiche events and timespans
in the SCS deep basin from 1993
to 2012. Figures 12a and 12b
show that seiche events might

occur in all years with a minimum of two events in 2004 and a maximum of seven events in 1994 and 2001.
Meanwhile, histograms of event and timespan show similar interannual variability with a period of about 9
years. In order to clarify possible dependence of seiche events in the SCS on large-scale climate events, we
compare the histograms to the Oceanic Ni~no Index (ONI) time series. We find that the interannual variability
shown in histograms seem not to be closely associated with the El Ni~no and La Ni~na events, and high event
and high timespan years 1993, 1994, 2001, and 2011 were normal years, but 1998 was a strong El Ni~no year.

On the other hand, histograms of monthly distributions of seiche events and timespans in Figures 12c and
12d show that seiche events may occur in all months in a year with a minimum of two events in December
and a maximum of 20 events in October. The two histograms show similar intraseasonal variability with two
peaks in May and October, which correspond to the transit periods of local monsoon winds [Guo et al.,
2003; Wang et al., 2012].

6. Discussion

6.1. On the Rectangular Basin Model
As shown in Figure 1 and described in section 2, we use a semienclosed rectangular ocean basin with a uni-
form depth as a model ocean basin to calculate eigen seiche modes. The reasons are twofold. (1) The model
is relatively simple and easily solved. (2) The model is a quite good approximation of the SCS deep basin.
Examining 94 seiche events derived from satellite altimeter data from 1993 to 2012, we find that in most cases
they appeared inside the rectangular basin with borders generally along isobaths of 1000 m as shown in Fig-
ures 5 and 10. The real size of the rectangular basin is 1000 km by 800 km as shown in Figure 1. The bottom
topography in the rectangular basin is not uniform, but varies from 1000 to 5500 m. However, cruise

Figure 7. The vertical distribution of the density along section18�N in the SCS deep basin
calculated from CTD data measured by the cruise mission of Xiamen University, China,
from 22 July to 13 August 2009.
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observations in summer 2009 as
shown in Figure 9 revealed that
the strongly disturbed layers of
the wave motion (|v|> 0.05 m
s21) are concentrated at upper
1000 m, although the disturbed
depth (|v|> 0) may extend to
deeper than 2000 m. This implies
that the uniform depth model
basin should be a very good
approximation of the real SCS
deep basin. We use modes H5,1

and H5,3 derived from the rectan-
gular ocean basin model to
explain the seiche events in 2007
and 2009 as shown in Figures 6
and 11. In general, the modeled
seiche patterns are comparable to
that derived from satellite altime-
ter data, implying that the physics
analysis sounds reasonable. In the
case of 2009 (Figures 10 and 11),
however, the core locations in the
two patterns are not matched
well each other. We believe that
this may result from modulation
of unknown processes to the
standing waves, which are worth
pursuing in the future research.

6.2. Waves or Eddies
In the above analysis, we have
defined a zonal train of alterna-
tively positive and negative SLA
centers in the SCS deep basin as
the standing wave signatures if
the locations of their centers

keep unchanged at least for 2 weeks. This is a necessary condition, but not sufficient ones. The sufficient
conditions should include that wave peaks would change to wave troughs after half a period. The case of
summer 2007 just provided evidence for this polarity switch. From Figures 5 and 6, one can see that on 29
August 2007, the zonal distribution of polarities showed a pattern of N-P-N-P-N-P, and after 4 weeks on 26
September 2007, the pattern changed to P-N-P-N-P-N. In the other words, wave peaks and wave troughs
had switched each other. From here, we estimate that the period of the standing waves is of the order of
60 days, which will further be discussed in section 6.3.

From the point of view of oscillation theory, an intrinsic standing wave mode represents a stable state of
the basin. From Table 2, one can see that the occurrence frequency and timespan of each mode in the SCS
vary and look random. For example, in the case of summer 2007, the timespan of mode H5,3 was as long as
4 weeks from 5 to 29 August 2007 (Figures 3 and 5a), while in the case of September 2007, the timespan of
mode H5,1 was about 2 weeks only from 26 September to 3 October 2007 (Figures 5b and 6c). This implies
that the stable state is critical and fragile. Besides the polarity change, other dynamical processes, such as
changes in the initial disturbance and the background circulation system, may also destroy the stable state.
As the stable state is destroyed, the standing waves transforms to the traveling waves, which will propagate
southwestward with the phase speed of the first baroclinic Rossby wave mode [Cai et al., 2008; Wang et al.,
2008; Nan et al., 2011].

Figure 8. MADT of the north SCS and the adjacent NPO on 10, 15, 19, and 25 August
2009. Three sea level elevation centers E21, E22, and E23 are distributed between 17 and
18�N in the SCS deep basin with the average distance of 380 km. Color codes are abso-
lute sea levels in cm.
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It is worth noting that as a whole,
the standing sea level elevation
and depression centers constitute
a wave packet. On the other hand,
for an individual SLA center,
dynamical balance requires its
cyclonical or anticyclonical rotation
motion to maintain the negative
or positive SLA. Thus the individual
SLA center behaves as an eddy,
and the whole wave packet
behaves as an alternatively cycloni-
cal and anticyclonical eddy train. In
the two cases analyzed in this
study, the geostrophic current
fields derived from cruise measure-
ments, shown in Nan et al. [2011,
Figure 5] and Figure 9 in this
paper, verify that it is true. The pre-
vious observations and numerical
simulations have also evidenced
this phenomenon [Chu et al., 1998;
Wang et al., 2004; Hu et al., 2012].

6.3. On Disturbance Sources
The cruise observations in
summer 2007 (Figure 2) and
summer 2009 (Figure 7) revealed
that the initial disturbance of
seiche events came from depths

of 500–700 m and 1500–1700 m, respectively. In other words, the seiche events were initially generated in
the two layers. Checking the SCS bottom topography in Figure 1, one can see that at such depths the Luzon
Strait is an only waterway still connecting the NPO with the SCS. Thus it seems reasonable to imagine that
the initial disturbance of seiche events observed in the SCS originates from the NPO.

As mentioned in section 3.4, standing wave modes of the SCS deep basin may occur at specific frequencies
or wavelengths. The three standing sea level elevation centers in Figure 3 represent an internal standing

wave train with an average wave-
length of about 320 km. On the
other hand, we have extracted
sea level signatures of corre-
sponding 320 km band (IMF2)
from SLA data from 6 January
1993 to 26 December 2012 using
the EMD method. In order to
examine the propagation and
evolution of IMF2 from the NPO
to the SCS, we show its
longitude-time plot from 107�E
to 135�E along 20�N, where is
the zonal central line of the
Luzon Strait, for the first 5 years
from 1993 to 1998 in Figure 13.
One can see that the propagation
patterns of IFM2 can be divided

Figure 9. Coherence of three sea level elevation centers E21, E22, and E23 with the
meridional component of geostrophic current fields derived from the CTD data during
the cruise mission of July to August 2009.

Figure 10. Same as Figure 5, but on 19 August 2009.
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into two zones with a boundary at 123�E, zones 21 and 22. Between the two zones there are no a shadow
zone, implying that IMF2 penetrates the LS and enters the SCS directly. Zone 21 is located on the east side,
where is the NPO water. The mode shows a westward traveling wave pattern, implying that IMF2 serves as

Figure 11. (a and b) The same as Figures 6c and 6d, but for the cruise mission of July to August 2009.

Table 2. Statistics of Seiche Events in the SCS Deep Basin From 6 January 1993 to 26 December 2012 (1045 Weeks)

Seiche Mode H4,0
�k : 500 km H5,1

�k : 390 km H5 3
�k : 320 km

Dates of events 9/29-10/6 1993 2/3-2/10 1993 1/6-1/20 1993
6/22-7/6 1994 3/24-3/31 1993 6/9-6/16 1993

9/14-9/21 1994 7/7-7/14 1993 3/30-4/6 1994
9/6–9/13 1995 10/26-11/2 1994 5/11-5/25 1994
2/12-2/26 1997 9/27-10/4 1995 8/31-9/7 1994

10/28-11/4 1998 8/28-9/4 1996 9/21-10/5 1994
3/3-3/10 1999 1/8-1/22 1997 5/31-6/7 1995

9/20-10/11 2000 4/9-4/16 1997 5/29-6/5 1996
10/17-10/31 2001 5/28-6/4 1997 7/3–7/10 1996
11/20-11/27 2002 1/28-2/4 1998 11/6–11/13 1996
11/30-12/7 2005 5/13-5/20 1998 3/12-3/19 1997

8/30-9/6 2006 2/3-2/10 1999 2/25-3/4 1998
11/5–11/12 2008 4/14-5/5 1999 7/29-8/26 1998
2/17-3/10 2010 5/24-6/7 2000 10/7–10/21 1998
5/26-6/2 2010 3/7-3/14 2001 1/13-1/20 1999

9/28-10/5 2011 4/18-4/25 2001 6/30-7/21 1999
10/10-10/17 2012 5/30-6/6 2001 9/13-10/11 2000

8/8-8/15 2001 11/29-12/6 2000
11/14-11/28 2001 5/23-5/30 2001

3/20-3/27 2002 5/1–5/8 2002
5/29-6/5 2002 11/13-11/20 2002

9/24-10/1 2003 4/9-4/16 2003
3/24-3/31 2004 4/30-5/7 2003
9/22-9/29 2004 10/22-10/29 2003

10/26-11/2 2005 2/23-3/2 2005
9/20-9/27 2006 11/9–11/16 2005

10/11-10/18 2006 5/10-5/17 2006
6/27-7/4 2007 1/31-2/7 2007

9/26-10/3 2007 8/5–8/29 2007
7/9-7/16 2008 10/17-10/24 2007

10/15-10/22 2008 8/13-8/20 2008
7/15-7/29 2009 6/3–6/10 2009
8/19-8/26 2009 8/19-8/26 2009
9/23-9/30 2009 4/14-4/21 2010
3/2–3/9 2011 5/26-6/2 2010

10/6–11/2 2011 4/27-5/4 2011
6/22-6/29 2011
2/1–2/8 2012
3/21-3/28 2012
8/1–8/8 2012

10/17-10/24 2012
Total events 17 36 41
Total temporal coverage (weeks) 41 80 97
Occurrence frequency 3.9% 7.7% 9.3%
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an incident wave from the NPO to the Luzon Strait. The average period is 2.5 months (75 days), and the aver-
age phase speed is 8 cm s21. Zone 22 is located on the west side of the boundary, where includes the Luzon
Strait and the SCS. The mode shows interference wave patterns. In particularly, the SCS west of 120�E shows
standing wave patterns at most of time, i.e., the iso-phase lines are generally parallel to the horizontal axis.
Meanwhile, the average period is shortened to 2.0 months (60 days). This value agrees with that estimated by
the switch time of wave peaks and wave troughs in the case of summer 2007 obtained in section 6.2.

On the other hand, we can use equation (3) to estimate the periods of internal seiche modes. In this case,
equation (3) should be rewritten as

Tmn5
2ffiffiffiffiffiffiffiffi
g0H0

p m
L

� �2
1

n
l

� �2
� �21=2

;

(5)

where g
0

5 dq
q g

� �
is a reduced

gravitational acceleration, and H0

is the amplitude of the seiche
mode. From Figure 7, one can
see that at layer of 1700 m, H0 is
about 50 m and dq=q is about 1
3 1025. Substituting these values
and the values of L and l of the
rectangular model SCS deep
basin yields T5,1 and T5,3 as 64
and 53 days, respectively, which
are close to that derived from
Figure 13. This implies a resonant
process between the SCS deep
basin and the disturbance origi-
nating from the NPO. From

Figure 12. Histograms of (a and c) annual and monthly distributions of seiche events and (b and d) timespans in the SCS deep basin from
1993 to 2012. Blue, red, and green bars represent seiche modes H4,0, H5,1, and H5,3, respectively.

Figure 13. Longitude-time plots of IMF2 from 107�E to 135�E along 20�N and from 1993
to 1998. The vertical dash line is 123�E near the eastern boundary of the Luzon Strait.
Color codes are SLA in cm.
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Figures 5a and 5b, one can see that the amplitudes of sea level elevation and depression centers are not
uniformly distributed in the basin, but strong in north and west basin and weak in south and east basin.
This seems associated with the path of SCS Throughflow originating from the NPO [Fang et al., 2005; Zheng
et al., 2006].

7. Conclusions

This study deals with standing wave or seiche events in the SCS deep basin using theoretical analysis, cruise
observations along 18�N in summer 2007 and 2009 as well as satellite altimeter data products from 1993 to
2012. Major findings are summarized as follows.

1. Using a rectangular ocean basin with a uniform depth, a west-east length of 1000 km and a north-south
width of 800 km as a model of the SCS deep basin, we calculate the eigen wavelengths of seiche modes.
Modes H5,3 and H5,1 are used to explain the SLA signatures of seiche events observed in summer 2007 and
2009. The similarity between the two is higher than 75%.

2. A cruise mission in summer 2007 and a repeated mission in summer 2009 detected internal oscillation
signals along section 18�N in the SCS deep basin with average wavelengths of about 320 and 390 km. The
maximum disturbance signals were located at layers 500–700 m and 1500–1700 m, respectively. Simultane-
ous satellite altimeter SLA images and their EMD-derived IMF2 show that the observed internal oscillations
are a portion of 2-D standing wave patterns, which lasted for at least 2 weeks. We further recognize that the
observed internal oscillation signals represent seiche modes of the SCS deep basin H5,3 and H5,1.

3. This study confirms that the sea level signatures in satellite MADT and SLA images and their EMD-derived
IMF images are highly coherent with seiche modes of the SCS deep basin. Thus we use EMD-derived IMF2
images from 1993 to 2012 for statistical analysis of seiche modes H4,0, H5,1, and H5,3 with average wave-
length �k of 500, 390, and 320 km. The results indicate that during the 20 years (1045 weeks), total 94 events
with total temporal coverage of 218 weeks are affirmed. The total occurrence frequency is 20.9%. Histo-
grams of annual distributions of seiche events and timespans show that seiche events might occur in all
years with an interannual variability of about 9 years. The interannual variability seems not to be closely
associated with the El Ni~no and La Ni~na events. High event and high timespan years 1993, 1994, 2001, and
2011 were normal years, but 1998 was a strong El Ni~no year. Histograms of monthly distributions of seiche
events and timespans show that seiche events may occur in all months in a year with an intraseasonal vari-
ability double-peaked in May and October, which are the transit periods of East Asia monsoon in the SCS
[Guo et al., 2003; Wang et al., 2012]. Physics behind the statistical results need to be further clarified.
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