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[1] A temperature and current velocity mooring, located on the upper continental slope of
the northern South China Sea, recorded a number of second baroclinic mode (mode 2)
internal solitary waves (ISWs). These types of waves are seldom observed in nature. The
mode 2 ISWs typically showed upward (downward) displacement of isotherms in the
upper (lower) water column and three layers of eastward, westward, and eastward current
from the uppermost to bottommost portions of a wave. In summer, westward-propagating
mode 2 ISWs were observed only occasionally. These waves generally appeared after
mode 1 ISWs, a feature that may relate to the diurnal tide with a period of approximately
24 hours. The displacement of isotherms induced by mode 2 ISWs was 20 ± 14 m at 75 m
and �22 ± 15 m at 240 m, and the characteristic time scale was approximately 8.0 ±
4.3 min. In winter, mode 2 ISWs were more active but mode 1 ISWs were rarely observed.
Isotherm displacement by mode 2 ISWs in winter was 30 ± 18 m at 75 m and �26 ± 16 m
at 240 m, and the average characteristic time scale was 6.9 ± 4.6 min. The mode 2 ISWs
thus had larger amplitudes and smaller time scales in winter than they did in summer.
The observed vertical temperature profile also showed notable seasonal change. The
thermocline was shallow in summer and deep in winter. In winter, vertical temperature
profiles indicated that the main thermocline was located near middepth over the upper
continental slope near the 350 m isobath. Mode 1 ISWs were more active in summer
than in winter, reflecting the larger Ursell numbers for mode 1 ISWs in summer. Among
mode 2 ISWs in summer, 90% appeared after mode 1 ISWs. These results suggest that
mode 2 ISWs could be related to mode 1 ISWs. In contrast, mode 2 ISWs were more
active in winter than in summer, with larger mode 2 Ursell numbers also found in winter.
Among winter mode 2 ISWs, 72% appeared without mode 1 ISWs. Mode 2 ISWs in
winter could be related to the main thermocline being located near middepth. These
seasonal variations of mode 2 ISWs were correlated with the seasonal change of local
stratification. Further study on the different generating mechanisms of mode 2 ISWs in
summer and winter is needed.
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1. Introduction

[2] An internal solitary wave (ISW) is a localized internal
gravity wave that occurs in a stratified ocean. These waves

greatly impact the ocean environment as well as offshore
engineering. For example, ISWs produce strong vertical
motions that induce nutrient pumping [Sandstrom and
Elliott, 1984] and sediment resuspension [Bogucki et al.,
2005; Boegman and Ivey, 2009; Stastna and Lamp, 2008].
The large vertical shear produced by the horizontal velocity
of these waves also presents a hazard to oil platforms [Bole
et al., 1994]. Most observed ISWs can be categorized as
first baroclinic mode waves (hereafter referred to as mode 1
ISWs). A mode 1 ISW displaces isotherms downward in
deep water, but upward if the upper layer becomes thicker
than the lower layer. The former is known as a depression
wave, and the latter is known as an elevation wave. Recent
review papers by Helfrich and Melville [2006] and Apel et
al. [2007] describe theoretical and observational studies of
mode 1 ISWs.
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[3] However, while mode 1 ISWs have been extensively
investigated, the second baroclinic mode wave (hereafter
referred to as mode 2 ISW) has received less research
attention and few observational studies have documented
this wave type. Laboratory experiments first revealed the
properties of the mode 2 ISW. Davis and Acrivos [1967]
generated mode 2 ISWs in a three-layer water tank with an
initial condition consisting of a thin middle layer of uneven
density lying between layers of constant density. After
introducing some mixed fluid into the middle layer, the
upper interface (between the surface and middle layer) and
the lower interface (between the bottom and the middle)
were displaced upward and downward, respectively, pro-
ducing the ‘‘double-hump’’ waveform characteristic of a
mode 2 ISW. Such a wave can propagate along the middle
layer of a three-layer fluid for a long distance. Benjamin
[1967] derived a weakly nonlinear analytic solution for the
small-amplitude mode 2 ISW using an inviscid stream
function equation by assuming a hyperbolic tangent density
profile. The solution showed that a solitary wave propagated
along the thin middle layer with uneven density in an
unbounded fluid. Above the middle layer, an elevation
wave was obtained, while below the middle layer, a
depression wave was obtained [Benjamin, 1967]. The
analytic solution of the mode 2 ISW thus had a symmetric
‘‘bulge’’ shape about the middle layer. The analytical
solution was limited by a symmetric density distribution
around some depth [Tung et al., 1982].
[4] Recent mode 2 ISW studies have included theoretical

investigations [Benjamin, 1967; Davis and Acrivos, 1967;
Akylas and Grimshaw, 1992; Vlasenko, 1994], laboratory
experiments [Davis and Acrivos, 1967; Maxworthy, 1980;
Kao and Pao, 1980; Honji et al., 1995; Stamp and Jacka,
1995; Vlasenko and Hutter, 2001; Mehta et al., 2002;
Sutherland, 2002], and numerical analyses [Tung et al.,
1982; Terez and Knio, 1998; Rubino et al., 2001; Vlasenko
and Hutter, 2001; Rusås and Grue, 2002; Stastna and
Peltier, 2005; Vlasenko and Alpers, 2005]. Most studies
have concentrated on the generation, existence, and form of
mode 2 ISWs and have presented five potential generation
mechanisms for the waves: a mode 1 ISW propagating
onshore and entering the breaking instability stage [Helfrich
and Melville, 1986]; a mode 1 ISW flowing over a sill
[Konyaev et al., 1995; Vlasenko and Hutter, 2001]; intru-
sion of the whole head of a gravity current into a three-layer
fluid [Mehta et al., 2002]; flow over negative topography
under a background condition of the main thermocline
located near middepth [Stastna and Peltier, 2005]; and
reflection of a mode 1 ISW [Chao et al., 2006].
[5] Mode 2 ISWs have been observed at only a few

locations in the world, such as Knight Inlet on the coast of
British Columbia [Farmer and Smith, 1980], Mascarene
Ridge in the Indian Ocean [Konyaev et al., 1995; Sabinin
and Serebryany, 2005], the New Jersey shelf [Moum et al.,
2008], the continental shelf in the northern South China Sea
[Duda et al., 2004; Yang et al., 2004], and lakes Biwa
(Japan) and Kinneret (Israel) [Saggio and Imberger, 1998,
2001; Antenucci et al., 2000; Boegman et al., 2003]. Each of
those field programs was relatively short and recorded only a
few mode 2 ISWs, not enough to compute wave statistics.
[6] In the northern South China Sea, mode 1 ISWs are

common (see Figure 1) [Kao et al., 2006, 2007] and the

largest waves of this type in the world have been recorded
[Ramp et al., 2004]. Mode 1 depression ISWs may evolve
primarily from the internal tide that is generated around the
Luzon Strait and propagates to the west [Lien et al., 2005;
Chao et al., 2007;Helfrich and Grimshaw, 2008; Shaw et al.,
2009]. This type of wave may form around the continental
shelf east of Dongsha Atoll [Ramp et al., 2004]. Mode 2
ISWs are also often found in the northern South China Sea.
However, mode 2 waves have attracted little attention.
During the Asian Seas International Acoustics Experiment
(ASIAEX) [Ramp et al., 2003; Lynch et al., 2004], mode 2
ISWs were observed at moorings IW1, IW3, S4, S5, and S7
over the continental slope of the northern South China Sea
(Figure 1) [Yang et al., 2000, 2004; Duda et al., 2004].
Table 1 summarizes previous measurements of mode 2 ISWs
on the continental slope/shelf of the northern South China
Sea. Mode 2 ISWs appeared during neap and spring tides and
generally, but not always, followed mode 1 ISWs. The
characteristics of mode 2 ISWs were unclear. Fortunately,
in 2005 and 2006, a long-term mooring array was deployed
from the Luzon Strait to the shelf of the northern South China
Sea (Figure 1) under the joint research program known as
Variations Around the Northern South China Sea (VANS;
supported by Taiwan) and the Windy Islands Soliton Exper-
iment (WISE; supported by the United States). The moored
current meters and temperature sensors at mooring S7 on the
continental slope (Figure 1) recorded many mode 2 ISWs.
This paper describes the characteristics of these mode 2 ISWs
on the continental slope of the northern South China Sea
and discusses their seasonal variation.
[7] The remainder of this paper is organized as follows.

Section 2 describes the fieldwork and measurement results,
presenting two segments of observations during summer
and winter. Section 3 gives analysis results for mode 2 ISWs,
including their vertical structure, amplitude, characteristic
scale, and the environmental parameters of the Korteweg-de
Vries (K-dV) equation. Finally, section 4 provides a dis-
cussion and a summary.

2. Measurement

2.1. Fieldwork

[8] Under the Taiwan/U.S. joint research program VANS/
WISE, several moorings were deployed across the conti-
nental slope of the northern South China Sea (Figure 1).
Unfortunately, two of the shelf moorings were lost due to
fishing activities in the shelf area. The continental slope
mooring, S7, successfully recorded a number of mode 2
ISW episodes. No mode 2 ISWs were recorded by moorings
in deep basin (Figure 1). Thus, we use only data from
mooring S7 to describe the characteristics and seasonal
variations of mode 2 ISWs on the continental slope of
the northern South China Sea. Mooring S7 was deployed
at 350 m depth from 29 April to 28 July 2005 and from
2 November 2005 to 24 February 2006 (Figure 1). It
included one acoustic Doppler current profiler (ADCP), three
ducted paddlewheel recording current meters (RCM8s),
seven temperature-pressure recorders (TPs), four conductiv-
ity-temperature-depth (CTD) sensors, and one temperature
recorder (T-pod). The 300 kHz broadband self-contained
ADCP was moored at 100 m depth looking upward and
provided current information from 15 to 95 m in 4 m bins.
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The ADCP ping rate was 1 s, and the averaging interval was
1 min. Beneath the ADCP, three RCM8s were mounted at
160, 220, and 310 m. The RCM8s recorded the current
velocity every 5 min. The TPs and T-pod sampled every

1 min and the CTDs sampled every 2 min from 32 to 338 m.
Table 2 summarizes the data return for all the moored
instruments. The first and second measurement periods
represent the summer and winter seasons, respectively.

Table 1. Summary of Previous Measurements of Second Baroclinic Mode Internal Solitary Waves on the Continental Slope/Shelf of the

Northern South China Sea

Mooring

Location Local Depth
(m)

Emergence Time
(UT)

Spring/Neap
Tide

Leading
Mode 1 ISWLatitude Longitude

IW1 21� 3.380N 117� 12.600E 426 10 Apr 1999 0230 Neap No
IW3 21� 44.530N 117� 46.310E 468 7 Apr 2000 1928 Spring Yes

21� 44.530N 117� 46.310E 468 8 Apr 2000 1430 Spring Yes
S4 21� 53.940N 117� 10.620E 120 22 Apr 2001 0728 Spring Yes

21� 53.940N 117� 10.620E 120 23 Apr 2001 1216 Spring Yes
21� 53.940N 117� 10.620E 120 5 May 2001 1210 Spring Yes
21� 53.940N 117� 10.620E 120 6 May 2001 1330 Spring Yes

S5 21� 49.350N 117� 12.330E 202 22 Apr 2001 0215 Spring Yes
S7 21� 36.870N 117� 16.980E 350 1 May 2001 0055 Neap Yes

21� 36.870N 117� 16.980E 350 2 May 2001 0528 Neap Yes
21� 36.870N 117� 16.980E 350 2 May 2001 0952 Neap Yes
21� 36.870N 117� 16.980E 350 6 May 2001 0223 Spring Yes

Figure 1. (top) Map showing the distribution of ISWs observed in 348 MODIS images acquired from
the Terra and Aqua satellites between 2002 and 2007 in the northern South China Sea [from Kao et al.,
2006, 2007]. The white solid circle and yellow solid squares represent the locations of the ASIAEX and
VANS/WISE moorings, respectively. (bottom) The bottom topography along 21.6�N (red dashed line in
Figure 1 (top)) with a diagram showing the position and instrument locations on mooring S7.
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[9] Figure 2 shows an example of a mode 2 ISW, which
passed the mooring site around 2340 UT on 27 June 2005.
When the wave passed the mooring location, the tempera-
ture profile data showed decreasing and then increasing
temperature in the upper layer and the opposite temperature
pattern in the lower layer. Therefore, a mode 2 ISW episode
can be easily identified from the time series of temperature
profile data. In this paper, we use this thermal displacement
pattern to define a mode 2 ISW. The nodal point of vertical
motion was between 100 and 160 m. Eastward current
component (u) data showed eastward acceleration and then
deceleration above 60 m and at 220 and 310 m, and the
opposite pattern between 60 and 100 m and at 160 m. There
were two nodal points of u: an upper point around 60 m and
a lower one between 160 and 220 m (Figure 2 (middle)).
The northward current component (v) variations induced by
the mode 2 ISW were the same as u, whereas the amplitude
of v was smaller than that of u. The mode 2 ISW propaga-
tion direction was consistent with the current direction in
the middle layer. Therefore, the primary propagation direc-
tion of this mode 2 ISW was westward.

2.2. Observations in Summer

[10] Twenty episodes of mode 2 ISWs were identified in
summer. Figure 3 shows temperature contour plots as a
function of depth and time from 24 to 27 June 2005. Previous
studies have suggested that a mode 2 ISW can evolve from
a mode 1 ISW undergoing a shoaling process [Helfrich and
Melville, 1986]. Therefore, we examined the time series
data to see whether a leading mode 1 ISWoccurred ahead of
the mode 2 episodes. As observed in Figure 3, one to two
mode 1 depression ISW packets passed the mooring each

Table 2. Summary of the Mooring Information

Instrument
Depth
(m) Instrument Period I Period II

Sampling
Rate
(min)

32 CTD 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

2

50 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

75 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

100 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

100a ADCP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
18 Jan 2006

1

120 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

140 CTD 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

2

160 RCM8 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
21 Feb 2006

5

180 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

200 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

220 RCM8 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
21 Feb 2006

5

240 CTD 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

2

270 T-pod 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

300 TP 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

1

310 RCM8 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
21 Feb 2006

5

338 CTD 29 Apr 2005 to
21 Jul 2005

2 Nov 2005 to
24 Feb 2006

2

aBin length is 4 and range is 15�95.

Figure 2. The (left) temperature, (middle) u component, and (right) v component from 2300 UT on
27 June 2005 to 0100 UT on 28 June 2005. Figure 2 (left) also displays the isothermal displacement
(solid purple circles) and the fitted curve obtained by using a squared hyperbolic secant function at 75
and 240 m (solid lines). The current data were measured by an ADCP between 15 and 95 m and three
RCM8s at 160, 220, and 310 m.
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day. These results are consistent with those of Ramp et al.
[2004], who showed that two types of mode 1 depression
ISW packets arrived in this area. One type appeared
regularly every 24 hours and was thought to be related to
the K1 tide. The other arrived about 1 hour later every day
and was possibly related to the M2 tide [Ramp et al., 2004].
In this case during June 2005 (Figure 3), both the stronger
packets (arriving at 0914, 1012, 1040, and 1122 UT on 24–
27 June, respectively) and the weaker packets (arriving at
0250, 0326, 0416, and 0446 UT) arrived a little later each
day. However, using the data from the months before and
after, and from deep basin mooring (not shown) it can be
shown that the stronger packets arriving later in the day
were the diurnal (type a) waves and the weaker packets
arriving earlier in the day were the semidiurnal (type b)
waves. The mode 2 waves (highlighted by the black
rectangles in Figure 3) arrived in their own unique time
slot approximately 12.5 hours after the leading type a wave,
between 2300 and 2400 UT each day. Since the mode 2
waves were not observed in the deep basin, this suggests
that the generation of the mode 2 waves may be related to
the large type a wave packets interacting with the continen-
tal slope in summer. This idea is discussed later in more
detail.

[11] Five mode 2 ISW packets are highlighted by black
rectangles in Figure 3; the emergence of these packets was
later than mode 1 ISW packets by about 12 hours. Another
notable finding was that one mode 2 ISW emerged each day
at around 2330 UT from 24 to 27 June. A mode 2 ISW
appeared around 0000 UT on 24 June. The late appearance
of the wave could have been due to slower phase speed or
later generation time. The mode 2 ISWs appeared regularly,
arriving at the mooring site about every 24 hours. Accord-
ingly, these mode 2 ISWs could have been related to the
diurnal internal tide interacting with the continental slope.
In addition, numerous studies have suggested that the
existence of a mode 1 ISW could also be important for
mode 2 ISWs. This is discussed later in detail.
[12] In this study, the current at 160 m depth was used to

determine the propagation direction of the mode 2 ISW. We
selected current data at times midway through mode 2 ISW
passage by the mooring, with the background current
removed. The background current was defined as the
current averaged over the 30 min before the arrival of the
wave. The rose diagram in Figure 4 shows the summer
distribution of wave speed and direction for 20 episodes of
mode 2 ISW passage. These diagrams show that most of the
mode 2 ISWs propagated westward.

Figure 3. Color contours of isotherm depth from 24 June to 27 June 2005. The black rectangle indicates
the mode 2 ISW.
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2.3. Observations in Winter

[13] Fifty-eight episodes of mode 2 ISWs were observed
in winter. Figure 5 is similar to Figure 3 but for observations
in winter from 24 to 27 December 2005. Each black
rectangle highlights a mode 2 ISW packet. Figure 5 shows
that the situation in winter differed from that in summer. No
apparent mode 1 depression ISW was found, although
several short-wavelength elevation waves emerged behind
the mode 2 ISW. This result agrees with the findings of
Shaw et al. [2009], who concluded that the deeper mixed
layer in winter suppresses the production of mode 1 ISWs.
Eight mode 2 ISW packets were observed in 4 days, some
with two or three consecutive waves. The most remarkable
feature is that mode 2 ISWs appeared randomly but fre-
quently. Unlike mode 2 ISWs related to tidal forcing in
summer, the random appearance of mode 2 ISWs in winter
indicates that these waves were perhaps unrelated to tidal
forcing. The seasonal difference will be discussed later in
this paper.
[14] Figure 6 presents an example of a mode 2 ISW in

winter. This mode 2 ISW passed the S7 mooring site at
around 1052 UT on 27 December 2005. The nodal point of
the temperature fluctuation was around 150 m, which was
deeper than the summer case. The horizontal current varia-
tions were smaller than in the summer case. The nodal
points of horizontal velocity were around 80 m and below
220 m, deeper than those found in the summer case.
Furthermore, the time scale of the winter case was also
smaller than that in the summer case. The rose diagram in
Figure 7 shows the statistical results from 58 mode 2 ISW

events in winter. The most common direction was west-
ward, but the distribution was more uniform, indicating
possible local generation.

3. Analysis

3.1. Modal Functions

3.1.1. Theory
[15] Hydrostatic, frictionless internal motion with no

background current satisfies the Boussinesq approximation,
and the vertical structure functions of displacement or
motion Wn are governed by the Taylor-Goldstein equation
[Gill, 1982]

d2WnðzÞ
dz2

þ N2ðzÞ
c2n

WnðzÞ ¼ 0; ð1Þ

subject to rigid lid boundary conditions, where Wn(z) is the
eigenfunction (or vertical structure function) for the nth
mode, cn is the eigenvalue (or linear wave phase speed), and
N(z) is the Brunt-Väisälä (or buoyancy) frequency. The
vertical modes of horizontal Un(z) and vertical motion are
related by Un(z) = dWn(z)/dz. The theoretical vertical
structures can be calculated using the buoyancy frequency
profile. The buoyancy frequency was calculated using
36 hour low-pass-filtered temperature profile time series
data and assuming a constant salinity of 35.0 practical
salinity unit.
[16] According to Lee and Beardsley [1974], Apel et al.

[1997], and Apel [2003], the modal expansion of the
fundamental hydrodynamics equations, neglecting rotational
effects and energy exchange between modes, and assuming
weakly nonlinear finite amplitude plane progressive waves
propagating in a specific direction, the modal displacement
hn governed by the K-dV equation [Korteweg and deVries,
1895] is

@hn
@t
þ cn

@hn
@x
þ anhn

@hn
@x
þ bn

@3hn
@x3
¼ 0; ð2Þ

where an is the nonlinearity coefficient, and bn is the
dispersion coefficient for the nth mode. Both coefficients
are also called ‘‘environmental parameters’’ as they account
for conditions such as stratification and water depth [Lee
and Beardsley, 1974]

an ¼
3cn

2

Z 0

�H

dWnðzÞ
dz

� �3

dzZ 0

�H

dWnðzÞ
dz

� �2

dz

ð3Þ

bn ¼
cn

2

Z 0

�H
W ðzÞ2ndzZ 0

�H

dWnðzÞ
dz

� �2

dz

: ð4Þ

An analytical solution of the K-dV equation is the follow-
ing squared hyperbolic secant function: hn(x, z, t) =

Figure 4. Histogram of mode 2 wave speed and direction
at 160 m in summer. The length of each bar is proportional
to the percentage of times when that current speed (and
below) was observed toward that direction. The data were
high-pass filtered to remove the background currents.
Different colors on each bar indicate the current speed.
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h0,nWn(z)sech
2((x � Cnt/Dn)), where h0,n is the amplitude,

Cn = cn + (anh0,n/3) is the nonlinear phase speed, and

Dn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12bn=anh0;n

q
is the nonlinear characteristic

width. The wave width (Dn) and amplitude (h0,n) are
inversely related such that narrow waves have larger
amplitude and nonlinear phase speed (Cn) accordingly
[Apel et al., 1997].
3.1.2. Vertical Structures
[17] The vertical velocity component, w, was estimated

from the temperature measurements using the temperature
conservation equation based on the assumption of negligible
nonlinear and horizontal advection [Apel et al., 1997]

wðz; tÞ � �
Thðz; tÞ � Thðz; t �DtÞ

Dt
TbðzþDz; tÞ � Tbðz; tÞ

Dz

; ð5Þ

where Th(z, t) is the 5 hour high-pass-filtered temperature,
Tb(z, t) is the 36 hour low-pass-filtered temperature, z is
the depth where the temperature sensor was mounted, Dz is
the depth difference between the two temperature sensors,

t is the time when the mode 2 ISW passed the mooring, and
Dt is 1 min.
[18] Since most of the mode 2 ISWs were propagating to

the west (see Figures 4 and 7), and the horizontal velocity
profile induced by an ISW is parallel to its propagating
direction, here we display only the fluctuations of the
eastward current component (u0), after removing the back-
ground current. Figures 8a and 8c display the mode 2 ISW
vertical structure function of horizontal motion U2(z) and
the vertical profile of u0(z) at 2340 UT on 27 June 2005 and
at 1052 UT on 27 December 2005, respectively. Figures 8b
and 8d show the mode 2 ISW vertical structure function of
vertical motion W2(z) and the vertical profile of the vertical
current component w(z) at 2332 UT on 27 June 2005 and at
1044 UT on 27 December 2005, respectively. In general, the
linear theory results of U2(z) and W2(z) agree well with the
measurement results of u(z) and w(z), respectively. Accord-
ing to the vertical profile of w(z), the nodal point of vertical
velocity was located at approximately 110 m, while W2(z)
indicated that the nodal point of vertical velocity was near
90 m depth. In the vertical profile of u(z), two nodal points
of horizontal velocity were located close to depths of 70 and
210 m, and U2(z) showed zero crossings of horizontal

Figure 5. Same as Figure 3 except during winter (24–27 December 2005).
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velocity around depths of 50 and 220 m. The vertical
structures of the observations and linear model estimates
generally agree well. The analysis also indicates that the
vertical structure of these mode 2 ISWs can be well
approximated by the linear theory for these observations.
3.1.3. Environmental Parameters of the K-dV
Equation
[19] From the structure functions estimated above, the

linear phase speeds (c2), nonlinearity coefficients (a2), and
dispersion coefficients (b2) of mode 2 ISWs were obtained.
These results are shown in Table 3. Combining those results
in summer and winter, the environmental coefficients of
mode 2 ISWs were of the same order as those of mode 1
ISWs, whereas the linear phase speeds of mode 2 ISWs
were slower than those of mode 1 ISWs [Liu et al., 2004].
The notable finding is that the nonlinearity coefficients, a2,
in winter were larger than those in summer by a factor of 3.
This result indicates significant seasonal variation of the
thermal structure in this area, as discussed later.
3.1.4. Amplitudes and Characteristic Scales
[20] We identified 20 mode 2 ISWs in summer and 58 in

winter. Most of the mode 2 ISW episodes had maximum
temperature fluctuation around 75 and 240 m, with vertical
structures similar to those shown in Figure 8. The two nodal
points of horizontal velocity were most commonly found
near 75 and 240 m. Accordingly, the isothermal variations at
75 and 240 m when a mode 2 ISW passed were used to
represent the amplitude in the upper and lower water column,
respectively. The isopycnal displacement induced by the
mode 2 ISW was calculated by integrating equation (5).
Alternatively, the evolution of the mode 2 ISW-induced
isopycnal displacement can be described by the K-dV
solution written as h(z, t) � eh0(z)sech2(t/t), where eh0(z) is
the amplitude of the mode 2 ISW at z, and t is the
characteristic time scale. The 5 hour high-pass-filtered h at

75 and 240mwas fit to the sech2 function. Only the isopycnal
variation at 240 m was used to estimate t. Figures 2 (left)
and 6 (left) show the wave-induced isopycnal displacements
(solid circles) at 75 and 240 m and the sech2 profiles (bold
lines) for the summer and winter cases, respectively. These
results show that, for the present observations, the isopycnal
temporal evolution of the mode 2 ISW was well described
by the weakly nonlinear K-dV theory.
[21] A thermal displacement was only considered to be a

wave when the amplitudes at both 75 and 240 m were

Figure 7. Same as Figure 4 except in winter.

Figure 6. Same as Figure 2 except from 1000 to 1200 UT on 27 December 2005.

C10003 YANG ET AL.: OBSERVATIONS OF MODE 2 WAVES

8 of 15

C10003



greater than 10 m. Similarly, the average characteristic time
scale was included only if the corresponding wave amplitude
was above the 10 m threshold. Table 3 shows the calculated
isopycnal amplitudes and characteristic time scales. In sum-
mer, the average amplitude was 20 ± 14 m at 75 m and�22 ±
15 m at 240 m. The average characteristic time scale was
8.0 ± 4.3 min. In winter, the average amplitude was 30 ±
18 m at 75 m and �26 ± 16 m at 240 m. The average
characteristic time scale was 6.9 ± 4.6 min. Mode 2 ISWs
thus had larger amplitudes and smaller time scales in
winter. The observed characteristic time scales were close
to the K-dV model results (given in Table 3). Again, the
vertical structure of mode 2 ISWs could be described by
the linear theory modal function for these observations.

3.2. Relationship Between Mode 2 ISWs and Tides

[22] Yang et al. [2004] noted that the appearance (disap-
pearance) of mode 1 ISWs coincided mostly with the spring
(neap) tide, with few cases seen during the neap tide period.
In this study, we performed a similar analysis for mode 2
ISWs. Figure 9 shows the percentage of total occurrence of
mode 2 ISWs on each date relative to the full or new moon
in summer and winter. In general, �3 to +3 days represents
the spring tide period and the other days represent the neap
tide period. In summer, 65% of mode 2 ISWs appeared
during the spring tide, whereas 35% occurred during the neap
tide. Most of the mode 2 ISWs (90%) appeared 12 hours
after mode 1 ISWs. In winter, 34.5% of mode 2 ISWs
appeared during the spring tide, whereas 65.5% occurred

Figure 8. A comparison of the observed (u0(z), w(z)) and calculated (U2(z), W2(z)) vertical structure for
the (a and b) summer and (c and d) winter time periods. The thin solid line indicates the observations and
the thick solid line the calculation. Figures 8a and 8c compare the u components and Figures 8b and 8d
compare the w components. The u and w are offset in time, with u corresponding to the time the wave
passed, and w corresponding to 8 min before. All data were high-pass filtered to remove the background
currents.
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during the neap tide. Only 28% of mode 2 ISWs appeared
after mode 1 ISWs during spring tide.
[23] The moored data indicate that mode 2 ISWs appeared

following mode 1 ISWs during the spring tide in summer.
This phenomenon can be also seen on satellite images.
Figure 10 is a Moderate Resolution Imaging Spectroradio-
meter (MODIS) image captured at 0310 UT on 21 May
2001 (spring tide). Signals revealed two ISW packets with
‘‘dark-bright’’ bands northeast and northwest of Dongsha
Atoll. According to the curvature of the leading wave and
subsequent waves, these two wave packets were primarily
propagating westward. However, it is difficult to identify
the polarity of a mode 1 ISW using an optical satellite image
because the color of the wave crest of an ISW is not only a
function of sea surface roughness (or the convergence/
divergence area) induced by an ISW [Alpers, 1985; Liu et
al., 1998] but is also related to the sun elevation and satellite
viewing angles [Mitnik et al., 2000]. However, the eastern-
most two wave packets with dark-bright bands were likely
mode 1 depression waves because the local water depths
were still deep [Yang et al., 2004; Ramp et al., 2004].
Interestingly, there are signs that two waves with ‘‘bright-
dark’’ bands were present in between two wave packets
with dark-bright bands (or two mode 1 depression ISWs) in
the vicinity of 21�100N, 117�100E and 21�380N, 117�150E.
The bright-dark wave crest could be considered to be a
mode 1 elevation wave. However, an elevation wave cannot
exist if the local water is deep. In theoretical considerations,
the pattern of the upper part of a mode 2 ISW is the same as
that of a mode 1 elevated wave. Accordingly, the bright-
dark wave crests could indicate that a mode 2 ISW packet
was present, propagating westward. This MODIS image
result agreed with the moored observations showing that
mode 2 ISWs appeared in between two mode 1 depression
ISWs during the spring tide period.
[24] In the neap tide period during summer, several mode 1

ISWs were observed, and mode 2 ISWs appeared occasion-
ally. Similar episodes occurred during the spring tide in
winter, where mode 2 ISWs appeared following mode 1
ISWs. However, during the neap tide in winter, the obser-
vations showed the emergence of numerous mode 2 ISWs
while mode 1 ISWs or internal tides could not be identified.
The abundance of mode 2 ISWs during winter could be
related to seasonal changes in the local stratification.

3.3. Seasonal Variation

3.3.1. Stratification
[25] Figure 11 shows contours of the buoyancy frequency

N in summer and winter. The thermocline was located at
around 80 � 100 m and 150 � 200 m in summer and
winter, respectively. Under the condition of a deeper ther-
mocline, mode 2 ISWs seemed to emerge more frequently
whereas mode 1 ISWs were rare. Consequently, a deeper
thermocline is more favorable for mode 2 ISWs, as dis-
cussed in section 3.3.2.
3.3.2. Nonlinearity Coefficient
[26] Figures 3 and 5 show mode 1 ISWs occurred less

frequently in winter than in summer. Figure 11 illustrates
the significant changes in seasonal stratification. These
changes indicate the variability of the nonlinearity coeffi-
cients a1 and a2 in the K-dV equation, which were used to
estimated the seasonal differences of the internal wavefield.
Figure 12 shows a comparison between the variations in a1

and a2 in summer and winter. Values of a1 were always
negative in summer and near zero in winter, and a2 values
in winter were always larger than those in summer. These
results agree well with observations. Mode 1 ISWs appeared
frequently in the form of depression waves (negative a1) in
summer. In winter, mode 1 ISWs also seemed to vanish as
a1 neared zero. Mode 2 ISWs appeared more frequently in
winter (larger a2) than in summer (smaller a2).

4. Discussion and Summary

[27] Stratification had a significant effect on the emer-
gence of mode 2 ISWs. Figure 13 shows two vertical
profiles of density in summer and winter. Figure 13 (left)

Figure 9. The percentage of total occurrence of mode 2
ISWs relative to the lunar cycle. Results are shown for (top)
summer and (bottom) winter.

Table 3. Comparison of the Weakly Nonlinear K-dV Model

Results and Observations for Second Baroclinic Mode Internal

Solitary Waves in Summer and Winter

K-dV Model Observation

Summer Winter Summer Winter

a2 (�10�3 Hz) 2.01 ± 0.41 6.43 ± 1.02 – –
b2 (�103 m3/s) 2.95 ± 0.13 1.21 ± 0.12 – –
c2 (m/s) 0.45 ± 0.01 0.35 ± 0.01 – –eh0 (75) – – 20 ± 14 30 ± 18eh0 (240) – – �22 ± 15 �26 ± 16
h0,2 38.7 ± 26.1a 36.0 ± 16.2a – –
D2 (m) 805 ± 297 274 ± 77 – –
C2 (m/s) 0.47 ± 0.02 0.43 ± 0.03 – –
t2 (min) 14.3 ± 5.7b 5.4 ± 1.9b 8.0 ± 4.3 6.9 ± 4.6

aCalculated by eh0(75)/W2(75) and eh0(240)/W2(240).
bCalculated by D2/C2.
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shows the density profile at 2300 UT on 27 June 2005, and
Figure 13 (right) shows the density profile at 1442 UT on
12 December 2005. To focus on the state that was not
disturbed by the mode 2 ISW, both profiles were chosen for
a time before the mode 2 ISW passed the mooring location.
Figure 13 (left) shows that continuous stratification existed
in summer. The stratification corresponded to a shallow
thermocline. Under this stratification, mode 1 depression
ISWs frequently occurred across the continental slope. In
these observations, 90% of mode 2 ISWs in summer
appeared after mode 1 ISWs. Hence, mode 2 ISWs may be
related to the shoaling process of mode 1 ISWs or internal
tides.

[28] Figure 13 (right) shows a different stratification in
winter. The thermocline was located between 130 and 250 m.
Two relatively uniform density layers existed above and
below the thermocline. This thermal structure appeared as a
thin layer bounded by two thick layers, approximating a
hyperbolic tangent profile. Theoretical studies by Benjamin
[1967] suggested that a mode 2 ISW could exist under a
density structure with a hyperbolic tangent profile. Addi-
tionally, Davis and Acrivos [1967] generated a mode 2 ISW
in a three-layer water tank under this density structure.
Numerous other studies on mode 2 ISWs have also used
hyperbolic tangent density profiles. Accordingly, the density
structure could be a crucial factor for mode 2 ISWs.

Figure 10. (a) MODIS (bands 1, 3, and 4) 250 m resolution visible image near Dongsha Atoll acquired
on 21 May 2001 at 0310 UT. Enlarged images framed by the (b) lower and (c) upper blue rectangles are
shown. The depth contours (red dashed lines) are shown at 200 m intervals between 100 and 500 m. The
1000 and 1500 m isobaths are also shown. The yellow solid square represents the mooring location.
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Examining our observations, this density structure was often
seen during the neap tide in winter.
[29] The relationship between the mode 1 and mode 2

ISWs during the spring tide in winter was similar to that
during the spring tide in summer, but in winter only 28% of
mode 2 ISWs appeared and followed mode 1 ISWs.
However, there were many mode 2 ISWs during the neap
tide in winter. In this stage, mode 1 ISWs became vague and
the density structure was like a hyperbolic tangent profile.
These mode 2 ISWs were not similar to those in summer;
instead, they may have been related to the density structure.
Evidence from late December 2005 and late February 2006
suggests that the thermocline was deep and a number of
mode 2 ISWs were observed during these periods. Thus,

these mode 2 ISWs had low correlation to the shoaling of
the mode 1 ISWs or internal tides. A deeper thermocline
could be favorable for mode 2 ISWs. The frequent emer-
gence of mode 2 ISWs could be a local event under a
condition of stratification with a thick surface mixed layer
and a deeper thermocline.
[30] Table 4 indicates the nonlinearity and dispersion

coefficients for the two vertical profiles of density in
summer and winter shown in Figure 13. The seasonal
difference is apparent; values of a1 were nearly 31.6 times
larger in summer than in winter. Consequently, a2 was nearly
3.6 times larger in winter than in summer. In theoretical
considerations, the nonlinearity coefficients (an) are very
sensitive to stratification, whereas the dispersion coefficients

Figure 11. Contours of the buoyancy frequency (top) from 24 to 27 June 2005 and (bottom) from 24 to
27 December 2005.

Figure 12. The first (a1, solid line) and second (a2, dashed line) mode nonlinearity coefficients of the
K-dV equation (top) from 24 to 27 June 2005 and (bottom) from 24 to 27 December 2005.
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(bn) are weakly dependent on the details of the stratification
[Holloway and Pelinovsky, 2002]. The ratio between the
nonlinearity coefficient and the dispersion coefficient, the
Ursell number, affects the nature of the waveform. That is, a
solitary waveform occurs when the Ursell number is large,
and a linear sinusoidal waveform occurs when the Ursell
number is small [Lee and Beardsley, 1974; Holloway and
Pelinovsky, 2002]. Therefore, the seasonal change in strati-
fication will affect the nature of the waveform. The Ursell
number for mode 1 in winter was only 2% of that in summer.
Nevertheless, the Ursell number for mode 2 in winter was
nearly eight times greater than that in summer. These results
indicate that it is difficult for mode 1 ISWs to evolve when
there is a main pycnocline near the middepth in winter and
that mode 2 ISWs develop more easily in winter than in
summer.
[31] Using VANS/WISE mooring observations in the

northern South China Sea, data collected by the thermistor
chain and current meters revealed a number of mode 2 ISW
signals. Typically, mode 2 ISWs show upward (downward)
displacement in the upper (lower) water column, respective-
ly. In summer, mode 2 ISWs may relate to the diurnal tide
with a period of about 24 hours. In winter, mode 2 ISWs
emerged randomly but frequently. According to previous
studies, the modal displacement hn and its vertical structure
are well described by the weakly nonlinear K-dV theory. The
amplitude and the characteristic time scale can be fit by a

squared hyperbolic secant function. Accordingly in summer,
mode 2 ISWs displaced isotherms by 20 ± 14 m at 75 m and
�22 ± 15 m at 240 m. The characteristic time scale was about
8.0 ± 4.3 min. In winter, the average amplitude was 30 ± 18m
at 75 m and �26 ± 16 m at 240 m, and the average
characteristic time scale was 6.9 ± 4.6 min. The mode 2
ISWs had larger amplitudes and smaller time scales in winter
than in summer. Most mode 2 ISWs propagated westward. In
summer, most mode 2 ISWs emerged during the spring tide
period. In contrast, most mode 2 ISWs were found during
the neap tide in winter. This seasonal difference could be
associated with the thermal structure. The buoyancy fre-
quency in summer and winter shows that the thermocline
was deep in winter. When the thermocline was deep and
reached near middepth, mode 2 ISWs were observed more
frequently whereas mode 1 ISWs were vague. A deeper
thermocline could be favorable for mode 2 ISWs.
[32] Stratification had a significant effect on the emer-

gence of mode 2 ISWs. Continuous stratification existed in
summer and corresponded to a shallow thermocline. The
observations showed that most mode 2 ISWs followed
mode 1 ISWs in summer. These results suggest that a mode 2
ISW may be related to the shoaling process of a mode 1 ISW
or internal tide.
[33] In winter, numerous mode 2 ISWs were observed

during the neap tide. Mode 1 ISWs became vague, and the
vertical density structure resembled a hyperbolic tangent

Figure 13. The density profile (left) at 2300 UTon 27 June 2005 and (right) at 1442 UTon 24 December
2005.

Table 4. Comparison of the Nonlinearity and Dispersion Coefficients and the Ursell Numbers for First and

Second Baroclinic Mode Internal Solitary Waves in Summer and Wintera

Mode 1 Mode 2

a1

(�10�3 Hz)
b1

(�103 m3/s)
a1/b1

(�10�6 m�3)
a2

(�10�3 Hz)
b2

(�103 m3/s)
a2/b2

(�10�6 m�3)
Summer �10.52 9.46 �1.112 1.86 2.91 0.640
Winter �0.33 12.57 0.026 6.74 1.25 5.402

aHere a is the nonlinearity coefficient, b is the dispersion coefficient, and a/b is the Ursell number.

C10003 YANG ET AL.: OBSERVATIONS OF MODE 2 WAVES

13 of 15

C10003



profile. These mode 2 ISWs were not similar to those in
summer; instead, they may have been related to density
structure. A density structure with a main pycnocline near
the middepth could be favorable for the development of
mode 2 ISWs.
[34] The Ursell number affects the nature of the wave-

form. A solitary waveform occurs when the Ursell number
is large, while a more sinusoidal waveform occurs when the
Ursell number is small. The Ursell number for mode 1 in
winter was smaller, indicating that it is difficult for mode 1
ISWs to evolve when the main pycnocline is near middepth.
Nevertheless, the Ursell number for mode 2 was larger in
winter than in summer. Thus, mode 2 ISWs can develop
more easily in winter than in summer. This result also
confirms that stratification was the cause of the seasonal
variation of mode 2 ISW occurrences. Further study is
needed to elucidate the different mechanisms that generate
mode 2 ISWs in summer and winter.
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