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ABSTRACT

Observations of early stage, large-amplitude, nonlinear internal waves in the Sulu Sea are presented. Water

column displacement and velocity profile time series show the passage of two solitary-like waves close to their

generation site. Additional observations of the same waves are made as they propagate through the Sulu Sea

basin. These waves of depression have an estimated maximum amplitude of 44 m. Observed wave amplitude

and background stratification are used to estimate parameters for both a Korteweg–de Vries (K-dV) and

a Joseph wave solution. These analytic model solutions are compared with a fully nonlinear model as well.

Model wave half-widths bracket the observed wave, with the Joseph model narrower than the K-dV model.

The modal structure of the waves change as they transit northward though the Sulu Sea, with higher mode

features present in the southern Sulu Sea, which dissipate by the time the waves reach the north. Observed and

modeled energies are roughly comparable, with observed potential energy estimated at 6.5 3 107 J m21,

whereas observed kinetic energy is between 4.6 3 107 J m21 and 1.5 3 108 J m21, depending on the in-

tegration limits. If this energy remains in the Sulu Sea, an average dissipation rate of 1029 W kg21 is required

over its volume, helping to maintain elevated mixing rates.

1. Introduction

Internal waves at near-tidal frequencies are most

often generated by the interaction between tidal mo-

tions and ocean boundaries such as continental shelves

or shallow sills, which induce perturbations in the water

column stratification. At large wave amplitudes, relative

to horizontal wavelength, such as those seen in the Sulu

Sea by Apel et al. (1985), nonlinear effects become im-

portant in the propagation of these perturbations away

from the generation site.

Apel and coworkers (Apel et al. 1985; Liu et al. 1985)

conducted the first comprehensive study of large-scale

internal waves in the Sulu Sea. Over a 2-week period,

moored current meter and thermistor chains recorded

observations of large, nonlinear internal waves, identified

as solitons, at three locations. Solitary internal waves have

since been observed throughout the world’s seas, both on

the continental shelf (Sandstrom and Elliott 1984; New

and Pingree 1992; Pan et al. 2007) and in the open ocean

(Pinkel 2000; Ramp et al. 2004; Klymak et al. 2006). In-

deed, satellite imagery, both synthetic aperture radar

(SAR) and optical sun glint, has shown them to be nearly

ubiquitous globally (Jackson 2004).

During a March 2009 cruise in the southern Sulu Sea as

part of the Philippines Strait Dynamics Experiment

(PhilEx), we were in the vicinity of the SS2 mooring

location occupied by Apel et al. (1985) in 1980. This is

approximately 80 km northeast of the soliton generation

site near Pearl Bank in the Sulu Archipelago. From here,

waves propagate toward the northwest until they termi-

nate along the southern coast of Palawan Island, where

their occurrences have been coupled to harbor seiche

activity (Giese et al. 1998).

To our knowledge, these are the first in situ observa-

tions of these waves since 1980. Although the larger

objective of the PhilEx 2009 cruise was not soliton de-

tection, we took the opportunity of our location and
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timing, during the spring tide when soliton generation is

strongest (Apel et al. 1985), to collect a full tidal cycle

time series of passing internal waves prior to completing

a transect to the north, approximately in line with the

soliton ray paths. Additionally, these observations serve

as a complement to roughly contemporaneous internal

wave studies conducted in other parts of the Philippines

(Girton et al. 2011; Jackson et al. 2011).

2. Data

In situ observations of the Sulu Sea solitary waves were

made aboard the R/V Melville from 11 to 13 March 2009.

Data collection consisted of two ‘‘regimes’’. The first was

a 25-h stationary observation period on 11–12 March, at

6.58N, 119.58E, using hull-mounted acoustic Doppler cur-

rent profilers (ADCPs) and a conductivity–temperature–

depth (CTD) package at midthermocline depth, bracketed

by two full-depth CTD profiles. The CTD was located at

midthermocline depth for approximately 16 h, between

the profiles, where the vertical temperature gradient is

greatest to best resolve vertical water displacements as-

sociated with the passage of the wave.

In the second regime, we collected underway hull-

mounted ADCP and sea surface measurements along

a northward cruise track through the Sulu Sea on 12–

13 March. The cruise track and time series location are

shown in Fig. 1. The hull-mounted ADCP system

consisted of two RDI Ocean Surveyor instruments,

operating at 75 (OS75) and 150 kHz (OS150). Because

of the superior depth penetration, approximately 600 m

with a configured bin size of 8 m, most of the data used

in this study are from the OS75 instrument.

3. Wave observations

Water column displacement associated with wave

passage is estimated from the temperature time series

FIG. 1. Study site: The yellow star marks time series location, and blue lines and dots mark

ship track and wave crossings. The arrow indicates dominant direction of wave motion, 3488.

The green dot marks the approximate soliton generation site. The contour lines are plotted at

100- and 2000-m depths. Timestamps mark the March 2009 date and UTC time of wave

crossings, and the wave letter and number correspond with Fig. 7.
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shown in Fig. 2a. After filtering to remove high-frequency

internal wave signatures, we assume all remaining tem-

poral temperature variability is due to vertical displace-

ment of the water column, rather than temperature

changes due to horizontal advection. This assumption is

met in the Sulu Sea, where w(dT/dz)� u(dT/dx). Figure

2b shows the estimated displacement time series of

a representative isotherm in the thermocline.

Displacement is estimated by mapping the observed

temperature at the CTD with its depth in the back-

ground temperature profile (Fig. 3). The zero displace-

ment depth was taken as the mean source depth of the

observed water. There is a level of ambiguity in defining

the zero displacement depth given the relatively short

deployment, which has the effect of biasing the observed

wave amplitude small. An alternative method, taking

the mean displacement in the 6 h preceding the wave’s

arrival, results in a wave amplitude approximately 6 m

greater. The vertical structure of the water column dis-

placement due to wave passage is assumed to have the

shape of the first normal mode w1, consistent with the

findings of Apel et al. (1985) and velocity structure re-

sults.

Velocity structure

Hull-mounted ADCP data were rotated into the di-

rection of wave propagation, determined through a filter-

ing and regression procedure. Data were high-pass filtered

using a 3-h Hanning window to remove low-frequency

background motion. The dominant direction of mean

wave motion in the upper 100 m was found using a

linear orthogonal regression constrained at the origin,

minimizing the residuals associated with a coordinate axes

rotation. Relative to true north, wave motion was oriented

at 3488 and 3468 for the OS75 and OS150 instruments,

respectively. This direction was insensitive to the filter

length or the maximum depth included in the flow average.

Rotated OS75 ADCP data collected during the CTD

time series are shown in Figs. 4 and 5. Two wave packets

were observed during this CTD deployment, B1 and C1;

A1 was observed while underway prior to the CTD pro-

files. Packet B1 was relatively weak and less well defined,

with the wave crest passing at 1850 UTC 11 March. The

first crest of the second packet, C1, stronger and better

defined than the first, passed at 0800 UTC 12 March,

followed by an additional five weaker crests. The arrival of

the wave was characterized by positive along-axis

horizontal motion in the upper 150 m of the water column,

with out of phase motion below. There was little trans-

verse wave motion. Downward vertical motion was

observed with the arrival of the wave, on the order of

1–3 cm s21. The transition from positive to negative hor-

izontal wave motion is coincident with upward vertical

motion of similar strength. For additional insight into the

wave’s structure, we compare the normal mode oscilla-

tions to observed motions by calculating a set of empirical

orthogonal functions (EOFs) and their associated princi-

pal components (PCs) from high-pass-filtered transect

ADCP data (Fig. 6). The inverted data matrix consisted of

OS75 data from the full northward Sulu Sea transect, high-

pass filtered using a 3-h Hanning window, with the tem-

poral mean at each depth removed.

The first three EOFs are broadly consistent with the

horizontal motions associated with the first three normal

modes. The arrival of the near-surface pulse is associated

with strong responses in both the first and second EOFs

(Fig. 5c), whereas later crests are predominately associ-

ated with variability in the second EOF. Together, these

two modes result in the sign change near 200 m, shallower

than the first normal mode maximum at 537 m. Above

roughly 150 m, both modes add constructively, whereas

below 200 m the first EOF becomes small and the second

becomes strongly negative. The first EOF, similar in shape

to the first normal mode, is seen to peak with each of the

subsequent wave crossings during the transect (Fig. 7).

However, the second EOF response to this wave, C1,

is dissimilar to later wave observations, where we do not

observe any particular response to stand out above the

noise level. This suggests that either this higher mode

response dissipates as the wave develops and travels

through the Sulu Sea or the underway crossings later in

the transect were inadequate to fully observe the wave

structure. We thus use the first PC response to help

FIG. 2. (a) Potential temperature during CTD time series,

adjusted to compensate for CTD package depth changes using

a linear approximation around 154 dbar based on the background

temperature profile. A 250-s low-pass filter was used to remove

high-frequency internal wave signatures. (b) Estimated water

column displacement of the u 5 17.868C isopycnal, found at 154

dbar in the background temperature profile.
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identify soliton passage during the Sulu Sea transect,

where only ADCP data are available.

On the northward transect along 119.58E, internal

wave packets were observed several more times, both

visually (see Jackson et al. 2011, Fig. 2b) and in the

ADCP record. Given the historical wave speeds of Apel

et al. (1985), theoretical speeds discussed below, and an

empirical model of internal wave propagation based on

satellite imagery (Jackson 2009), it is believed wave C1

was encountered at least three more times during the

ship transit. These wave crossings during the Sulu Sea

transect are identified in Fig. 7. The first principal

component of the along-axis, high-pass-filtered OS150

data responds increasingly strongly to later wave cross-

ings, before weakening dramatically near the shallower

regions of the northern Sulu Sea. This also suggests that

the first mode gains energy during the wave’s de-

velopment, likely from the background tide, while the

higher mode motions weaken. During the transect,

other ship operations were ongoing, primarily CTD

casts. Because of the stop-and-go nature of that work, in

a number of cases we ‘‘leapfrogged’’ the same wave

multiple times or observed only the leading or trailing

edge of the wave, presenting difficulties in fully analyz-

ing these wave crossings.

4. Discussion

a. Model comparison

Wave C1 was observed with a half-width L ’ 3400 m.

Given the thermocline thickness h ’ 200 m and the full

ocean depth H ’ 3300 m, these scales suggest the finite-

depth theory developed by Joseph (1977) and Kubota

et al. (1978) is the most appropriate analytic, weakly

nonlinear (WNL) model for this site. For comparison, we

also calculate the commonly used Korteweg–de Vries

(K-dV) shallow-water model (Korteweg and de Vries

1895). Past work has shown that the K-dV fit to laboratory

observations can be better than the Joseph model, despite

the strict scaling regimes of each theory (Koop and Butler

1981; Segur and Hammack 1982; Kao et al. 1985). These

weakly nonlinear analytic models are also compared with

the results of a fully nonlinear (FNL) numerical model,

which solves the Dubreil–Jacotin–Long equation, finding

the isopycnal displacements that minimize the potential

energy for a specified available potential energy (APE;

Turkington et al. 1991; Stastna and Lamb 2002). This

model was run in an iterative manner to calculate waves

with maximum isopycnal displacements matching those

described above.

FIG. 3. Stratification at the time series site. The solid line is buoyancy frequency, the dashed line is potential

temperature, and the dotted line is salinity.
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1) JOSEPH MODEL

The Joseph equation steady-state solitary wave solu-

tion, using the notation of Apel et al. (1985), is

h(j) 5
2h0

cosh2(aj) 1 sinh2(aj)/(a2b2)
, (1)

where j 5 x 2 ct, b 5 4bc0/ah0, and a is a solution

to ab tan(aH) 5 1. The environmental parameters a

and b, measures of nonlinearity and dispersion, re-

spectively, are functions of the first normal mode w1

and of H. The nonlinearity parameter a also depends on

the long-wavelength linear wave speed c0 5 c1(1 2 b/H),

where c1 is the eigenvalue associated with w1. The

nonlinear soliton wave speed c is given by

c 5 c0

�
b

H
(1 2 d cotd) 1 1

�
, (2)

where d 5 2aH.

2) K-DV MODEL

The steady-state solution to the K-dV equation takes

the form

FIG. 4. Velocity structure during time series, from the OS75 ADCP, on 11–12 Mar 2009.

(a) Along-axis flow, (b) transverse flow, and (c) vertical flow, where panels (a) and (b) share

a common color scale. Horizontal wave motions are oriented at 3488 relative to true north.

Strong vertical motions at 2200 UTC 11 Mar and 1000 UTC 12 Mar between 150 and 400 m are

spurious signals related to diurnal migration of scatters in the water column. Wave-induced

vertical motions have magnitudes between 0.01 and 0.05 m s21. Boxes indicate data shown in

Fig. 5.
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h(j) 5 2h0 sech2(j/D) (3)

where j 5 x 2 ct, c 5 c1 1 ah0/3, and D 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12b/ah

0

p
.

The environmental parameters a and b, given by

Ostrovsky and Stepanyants (1989), take a slightly dif-

ferent form than in the Joseph model.

The parameters a and b for the two models are calcu-

lated using the background stratification observed prior to

the CTD time series and the resulting first normal mode

structure w1 and linear perturbation speed c1. Using the

estimated isopycnal displacement field described above,

we calculate the maximum wave displacement h0 5

43.5 m at depth z0 5 537 m for wave C1. Wave amplitudes

at other depths are scaled by w1. The two modeled

waveforms are shown in Fig. 8. The model fit is sensitive to

h0, though our estimated value of h0 compares reasonably

with that observed by Apel et al. (1985) of h0 ’ 50 m.

Relevant parameter values are shown in Table 1.

Given the noise in the observed isopycnal displace-

ment, it is difficult to identify either model as clearly su-

perior. The residual differences between the observed

and modeled waves show the K-dV model residuals to be

marginally smaller than the Joseph model on the leading

edge of the wave, with opposite results on the trailing

edge. This result is consistent with small differences in the

modeled wave widths and the asymmetry between the

observed leading and trailing edges, likely due to the in-

fluence of the trailing waves not included in the steady-

state solitary wave models. In time coordinates, we find

the full width at half maximum amplitude (FWHM) of

23.0 min falls between that for the K-dV model, 26.3 min,

and the Joseph model, 16.7 min. The FNL model FWHM

falls between the two analytic models.

Observed wave speed between observations C1 and C3

was approximately 2.55 m s21. This compares well with

the Joseph model nonlinear velocity of 2.57 m s21 at the

FIG. 5. Velocity structure during passage of wave C1, from the OS75 ADCP, on 12 Mar 2009.

(a) Along-axis flow, (b) vertical flow, and (c) the first three PCs. PC colors correspond with the

associated EOFs in Fig. 6b.
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time series site but is slower than the K-dV model velocity

of 2.69 m s21. The FNL model phase speed is 2.54 m s21,

very close to the observed speed. Small differences be-

tween the average wave speed through the Sulu Sea and

the modeled velocities at the time series site are expected

because of changes in water depth and stratification. Ef-

fects of background shear are likely to be small, less than

5% for first mode waves (Apel et al. 1985).

Modeled velocities are calculated, assuming no cross-

axis currents and zero background flow, from

w 5
›h

›t
and (4)

›u

›x
5 2

›w

›z
, (5)

FIG. 6. (a) Normal modes and (b) EOFs, calculated from high-pass-filtered transect OS75 ADCP data. EOF colors

correspond with their associated PCs in Fig. 5c. EOF smoothing is done using a 10-dbar-scale filter.

FIG. 7. (a) The 2-h high-pass-filtered OS150 ADCP time series during the Sulu Sea transect and (b) the first PC. This

EOF contains 25% of the variance in the filtered time series.
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and are compared with observed velocities in Fig. 9. We

find that both the WNL and FNL modeled horizontal

velocity structure through the wave crest agree well with

the observations. Near-surface velocities are approxi-

mately 60 cm s21, dropping to close to zero by 200-m

depth. Deeper velocities are in poorer agreement, with

the observed flow opposing the surface current more

strongly than the models predict. Additionally, the zero

crossing is observed to be about 100 m higher than pre-

dicted by the FNL model and about 300 m higher than

the WNL K-dV model, even when accounting for the

narrow background shear layer observed near 200 m.

Vertical velocities are in poorer agreement, not sur-

prisingly, given the greater difficulty in observing the

much smaller vertical velocities than horizontal in the

ocean. Observed peak vertical velocities associated with

the wave passage are roughly 50%–75% of the modeled

velocities. Additionally, the diurnal migration of scatters

introduces a spurious vertical velocity, which we attempt

to remove using a daily composite of vertical velocity

in the Sulu Sea (Plueddemann and Pinkel 1989). This

composite consists of approximately 4 days of Sulu

Sea data. Visual inspection confirms that the diurnal

mean vertical velocity is dominated by the migration

of scatters.

b. Wave energetics

Estimates of potential energy and kinetic energy (KE)

can be made from the wave ADCP and CTD observa-

tions during the time series, as well as from the models.

Because of the limited depth penetration of the hull-

mounted ADCP, we first estimate the proportion of

depth-integrated kinetic energy that is within its 614-m

range. Assuming the distribution of kinetic energy as-

sociated with the soliton takes the shape of the first

normal mode w1 and its associated horizontal motions

u1, we calculate two scaling factors for horizontal and

vertical motion, k and l, representing the reciprocal of

the proportion of kinetic energy in the upper 614 m of

the normal mode oscillations.

Using the scaling factors to extrapolate from the up-

per ocean observed by the ADCP to full ocean depth, we

calculate the kinetic energy,

KE 5
1

2
r0

ðx
2

x
1

ð0

2614 m
ku(t, z)2

1 ky(t, z)2
1 lw(t, z)2 dz dx,

(6)

where u, y, and w are first 3-h high-pass filtered to re-

move background currents. For the model estimates of

kinetic energy, we integrate over the full domain, with

k 5 l 5 1.

The total observed kinetic energy contained in the full

solitary wave is sensitive to the integration limits and

additionally complicated by the wave train following the

first large wave. Integrating from 5 km on the leading

edge of the wave, approximately where the energy rises

above the background values on the order of 2 kJ m22 to

2.3 km on the trailing edge where the kinetic energy be-

gins to rise in a new oscillation, we calculate a total kinetic

energy of KEObs 5 47 MJ m21. It is also instructive to

calculate the kinetic energy within broader integration

limits, because the background tide contains additional

kinetic energy, some of which likely contributes to the

growth of the leading wave as the wave develops. Because

FIG. 8. (a) Estimated observed displacement h of the isotherm

observed at a depth of 150 m during the full water column profile

(blue). The two WNL soliton models are scaled to the maximum

displacement of this isotherm assuming a first mode vertical

structure. There are no vertical structure assumptions in the FNL

model.

TABLE 1. Observed wave and modeled wave parameters. Phase speed c refers to the observed speed between crossings and the nonlinear

phase speed for each model.

h0 (m) a (s21) b (m3 s21) c (m s21) FWHM (m) KE (J m21) APE (J m21)

Obs 44 2.55 3.5 3 103 4.7 2 15 3 107 6.5 3 107

K-dV 44 1.7 3 1022 3.7 3 105 2.69 4.2 3 103 1.1 3 108 4.8 3 107

Joseph 44 1.7 3 1022 1.1 3 102 2.57 2.5 3 103 6.6 3 107 2.9 3 107

FNL 44 2.54 3.0 3 103 9.1 3 107 8.4 3 107
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we expect the leading wave to grow as it transits north-

ward throughout the Sulu Sea, this provides a sense of the

extent of that growth. Integrating from 10 km prior to the

first wave crest to 25 km after and vertically through the

water column, we find KEObs 5 148 MJ m21 of kinetic

energy. Modeled kinetic energies, calculated from the

estimated u and w velocities throughout the domain, are

all within this range, with the FNL model between the

K-dV and Joseph models (Table 1).

Available potential energy is calculated as the dif-

ference between the total potential energy in the do-

main during wave passage and a suitable background

rest state potential energy,

APE 5 g

ðL/2

2L/2

ð0

2H
(r 2 r)z dz dx. (7)

Here, r(t, z) is taken alternatively as the estimated ob-

served density during wave passage or the density field

obtained by perturbing the background density with the

modeled waveforms, and r(z) is the estimated back-

ground density profile.

To determine this background state, we follow the

method of Hebert (1988) and Winters et al. (1995),

where the density in the domain is adiabatically redis-

tributed, in a water-parcel sense, into the lowest po-

tential energy state with horizontal isopycnals. This

redistribution of density is sensitive to the chosen do-

main limits. Following Klymak et al. (2006), we calculate

the APE over a range of domains and find convergence

when the domain is greater than about 10 wavelengths.

Applying this procedure to the estimated density field

during the waves passage, we calculated APEObs 5

65 MJ m21. Applying the modeled K-dV and Joseph (Jos)

waveforms to the background density field, we find

APEK-dV 5 48 MJ m21, whereas APEJos 5 29 MJ m21.

The peak available potential energy density is approxi-

mately an order of magnitude greater than waves ob-

served elsewhere in the Philippine Archipelago (Girton

et al. 2011).

Of note is that the observed kinetic energy estimate here

is based fully on ADCP data and is sensitive to chosen in-

tegration limits. Additionally, the models used for the en-

ergy estimates assume the wave is fully formed and solitary

at this site. The single crest KEObs estimate is lower than

that predicted by the solitary wave models for a wave of its

amplitude, whereas the broader integration appears to in-

clude some energy that remains outside the leading crest.

The energy contained in these waves must dissipate in

transit either through turbulence or generation of small-

amplitude internal waves or upon shoaling and breaking

near Palawan Island. Given that the waves are dominated

by first mode motions and they maintain their shape

through much of the Sulu Sea, most of the energy is likely

to be transported to the northwest Sulu Sea. Taking the

total wave energy E 5 KE 1 APE as approximately 2 3

108 J m21; crest lengths of roughly 100 km; and one to

two waves per day, depending on the tidal cycle (Apel

et al. 1985), these waves carry on the order of 5 3 108 W

toward Palawan. If all this energy is dissipated locally (i.e.,

within the 4.3 3 1014 m3 Sulu Sea), we find a bulk dis-

sipation rate on the order of 1029 W kg21, similar to

FIG. 9. (a) Vertical profiles of along-axis horizontal velocity u through the wave crest and (b) time series of vertical

velocity at the depth of maximum mean vertical velocity magnitude. The vertical velocities are shown at the depth of

maximum vertical motion. For the WNL K-dV model, this is at the depth of the first normal mode maximum, 537 m.

For the FNL model, this is at 302 m. For the observed motions, we use the FNL model depth.
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average oceanic background dissipation rates (Toole

et al. 1994; Kunze et al. 2006). Along with additional input

from wind (Pullen et al. 2008), from the internal tide, and

at the Sulu Sea boundaries, this energy likely contributes

to maintaining the elevated mixing rates observed pre-

viously in the Sulu Sea (Tessler et al. 2010).

The observations of early state solitary waves in the

southern Sulu Sea presented in this paper support and

extend the data collected by Apel et al. (1985) near their

mooring site SS2. We collected CTD and hull-mounted

ADCP time series data, estimated idealized waveforms

based on the K-dV and Joseph soliton models, and

compared these with a fully nonlinear model. At this

site, the models are broadly consistent with the observed

wave structure. Additional velocity and CTD time series

observations in the northern Sulu Sea would allow es-

timates of energy dissipation and insights into the

propagation and evolution of these waves.
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