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ABSTRACT
Sill Overflow Processes in the Philippine
Archipelago
Zachary D. Tessler
We present an analysis of small scale processes associated with bathymetric sills in
the Philippine Archipelago, with an emphasis on in situ observations made during the
2007-2009 Philippines Straits Dynamics Experiment (PhilEx). Due to their location
at the margins of larger basins, the dynamics at these sills set the conditions under
which water, heat, salt, and energy are transported internally and at the boundaries
of the archipelago. The main connection between the internal Sulu Sea and the
South China Sea to the north is through Mindoro Strait. Moored Acoustic Doppler
Current Profiler (ADCP), Conductivity, Temperature, Depth (CTD), and lowered
ADCP (LADCP) data are used to study the currents and stratification at Panay Sill,
at the southern end of Mindoro Strait.
We observe a strong bottom-intensified overflow; temporal mean velocity is greater
than 0.75 m s−1 at 50 m above the sill. Both ADCP observations and a hydraulic
control model based on hydrographic measurements estimate a transport of approximately 0.32 × 106 m3 s−1 . Analysis of Froude number variation across the sill shows
the flow is hydraulically controlled. Turbulent dissipation and bulk diapycnal diffusivity measurements at the sill and downstream suggest mixing well above oceanic
background levels.
Downstream, Panay Sill overflow water is shown to ventilate a slab in the Sulu Sea
between approximately 575 and 1250 dbar with a residence time of about 11 years.
Below this, the salinity increases with depth. Deep Sulu Sea water is shown to most

likely derive from the Sulawesi Sea to the south. We propose that Sulawesi Sea water
between 245 to 527 m is mixed and transported by the energetic tidal environment
at Sibutu Passage. Oxygen concentrations within the deep Sulu Sea suggest that the
Sulawesi overflow is 0.15 × 106 m3 s−1 , with a residence time of Sulu Sea deep water of
60 years. The balance of ventilation from the northern and southern sources is likely
to change on a range of time scales, associated with thermocline depth variability.
We investigate the potential for low frequency variability at Panay Sill related
to El Niño/Southern Oscillation (ENSO) state, in light of La Niña conditions approximately halfway through the two year mooring deployment. We reconstructed a
long-term Panay Sill overflow time-series using an objective analysis based on historical hydrographic data. The full time series does not contain statistically significant
power at ENSO periods. However, a correlation appears to emerge after the mid
1990s, suggesting historical data quality or quantity was too poor to capture low
frequency variability in the region over decadal time scales. In recent years, El Niño
was associated with approximately 10% increase in overflow transport relative to the
mean.
Finally, we take advantage of our timing and location to investigate the energetics of large-amplitude non-linear internal waves generated at Sibutu Passage in the
southern Sulu Sea. Water column displacement and velocity profile time series are
used to track the passage of two solitary-like waves close to their generation site.
These waves are repeatedly observed by hull-mounted ADCP as they travel north
through the Sulu Sea. Wave amplitude is observed to be 43.5 m, and are reasonably fit by both a shallow water Korteweg-de Vries model and a finite depth Joseph
model. Total potential energy per meter of wave crest in the modeled solitary waves
are 1.6 × 108 J m−1 and 9.8 × 107 J m−1 for the K-dV and Joseph waves, respectively,
while kinetic energy in the main wave crest contains 4.7 × 107 J m−1 , estimated from
ADCP measurements. Attempting to compensate for the early development of the
waves, a more broadly defined packet contains an estimated 1.5 × 108 J m−1 kinetic

energy, comparable to the modeled potential energy.
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Chapter 1
Introduction
The complex island and basin geometry of the Philippine Archipelago provides a
test of our understanding of the dynamics associated with small scale bathymetric
features. Narrow straits, mountainous islands, and shallow sills can have an outsized
influence on the regional circulation. Of course, the role small features play in ocean
dynamics is not limited to the Philippines. The influence of specific features such
as the Strait of Gibraltar or the Faroe Bank Channel, or classes of features such as
seamounts and ridge canyons, on local, regional, and global scales has attracted a
significant amount of research effort in the recent decades.
The Philippine Archipelago can be considered part of the larger Maritime Continent, a “mega-archipelago” stretching from the coast of Southeast Asia to Australia.
This region act as a porous boundary between the Pacific and Indian Oceans, with
the water that is transported between the two oceans determined by a combination
of bathymetry, water composition, and atmospheric and oceanic dynamics. The two
major pathways for this oceanic communication are the Indonesian Throughflow, to
the south of the Philippine Archipelago, and the South China Sea Throughflow, to
the north. Situated in the middle, the Philippine Archipelago plays a role in how
the South China Sea Throughflow contributes to and interacts with the Indonesian
Throughflow, though has not received as significant a level of attention in the litera-
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ture.
The Philippine Straits Dynamics Experiment (PhilEx) was designed to help fill
that gap [Gordon et al., 2011a]. PhilEx, intended to improve our understanding of
both the oceanography of the Philippine Archipelago and also our general understanding of small scale oceanic processes, consisted of an observational campaign between
2007 and 2009, coincident with a number of numerical modeling experiments over a
range of scales. This study is focused on the role that sills, effectively bathymetric
choke points, play in regulating the quantity, composition, and motion of the water
that passes from one basin to another.
An important portion of the water that enters the Philippine Seas occurs through
the Mindoro Strait [Qu et al., 2006a]. Between the South China Sea and the Sulu
Sea, it is the deepest connection between the Sulu Sea and a larger body of water, and
is important for the ventilation of the Sulu Sea [Quadfasel et al., 1990]. The strait
channels water south along the coastlines of Mindoro and Panay Islands. Before
emptying into the Sulu Sea, this water travels over Panay Sill in a rapid, bottomintensified flow. Chapter 2 attempts to quantify the mean properties, and some of the
variability, of this flow. Of particular focus is a comparison between observed flow and
that predicted by a theoretical hydraulic control model, based on work by Borenas
and Lundberg [1986, 1988]. This is a 1.5-layer model, and methods of applying it
to a real, continuously stratified environment are discussed. Turbulent mixing tends
to be elevated in the presence of rough, small scale topography [Polzin et al., 1996],
and we investigate role of mixing in modifying the South China Sea water properties
prior to reaching the Sulu Sea. Globally, in order to close the overturning circulation
associated with deep water formation in the North Atlantic and Southern Oceans,
buoyancy must be transported from the surface to the deep water masses. Turbulence
and the resulting diapycnal mixing can transport this buoyancy, but observed mixing
levels in the abyssal ocean are lower than necessary for steady state closure [Munk,
1966]. Regions of rough topography with elevated mixing, such as Panay Sill, suggest
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a possible location for the ‘missing mixing.’ Additionally, in this chapter, we identify
the depths in the Sulu Sea which are ventilated by Panay Sill Water.
In Chapter 3, we look further into the ventilation of the Sulu Sea. While work by
Quadfasel et al. [1990] describes the deep Sulu Sea being ventilated by Mindoro Strait,
PhilEx hydrographic data from the South China Sea and the Sulu Sea suggest that
the deep Sulu Sea is too salty to be derived from the South China Sea. Rather, we
investigate the possibility that this deep water enters the Sulu Sea from the Sulawesi
Sea to the south and that the Sulu Sea is ventilated by multiple sources. Interestingly,
the sill at Sibutu Passage is significantly shallower than that of Panay Sill, suggesting
that the deepest water of the Sulu Sea originates from a shallower depth than its
overlying water. We suggest a possible mechanism involving the very strong tides
observed at Sibutu Passage. These tidal motions are returned to in Chapter 5.
Chapter 4 focuses on potential long-term interannual variability in the Panay Sill
overflow related to El Niño/Southern Oscillation (ENSO) cycles. While our observational period began in June 2007 and continued to March 2009, too short to fully
analyze interannual variability, the occurrence of La Niña conditions between late
2007 and early 2008 raise the question of whether our data are representative of the
mean state. What variability might be expected at Panay based on ENSO state?
We use PhilEx observational data to develop a relationship between temperature and
transport, and use historical data analyses and model output to extend our estimated
Panay Sill overflow transport record over the past 50 years to investigate the potential
variability associated with ENSO state.
In Chapter 5, we return to the strong tides at Sibutu Passage discussed in Chapter
3. These tides interact with the sill at the northern end of Sibutu Passage in such a
way as to generate large amplitude internal waves. These wave were first investigated
by Apel et al. [1985] using an array of moored current meters and thermistors. Due
to ship security concerns in the region, this location is rarely visited by oceanographic
vessels. Taking advantage of our location near the generation site of these waves and
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timing relative to the tides, we collected the first in situ observations of these wave
in nearly 30 years. These data are analyzed in the context of two theoretical wave
models, and we make estimates of their potential and kinetic energy.
Finally, in Chapter 6, we discuss possible extensions of this work into the future.
What gaps could be filled in with new research? What new questions are suggested,
and how might we go about looking for answers?
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Chapter 2
Transport and Dynamics of the
Panay Sill Overflow in the
Philippine Seas
Published as: Tessler, Z. D., A. L. Gordon, L. J. Pratt, and J. Sprintall (2010),
Transport and Dynamics of the Panay Sill Overflow in the Philippine Seas, Journal
of Physical Oceanography, 40(12), 2679-2695, doi:10.1175/2010JPO4395.1.
Abstract Observations of stratification and currents between June 2007 and March
2009 reveal a strong overflow between 400 m to 570 m depth from the Panay Strait
into the Sulu Sea. The overflow water is derived from approximately 400 m deep in
the South China Sea. Temporal mean velocity is greater than 0.75 m s−1 at 50 m
above the 570 m Panay Sill. Empirical orthogonal function analysis of a mooring
time series shows the flow is dominated by the bottom overflow current with little
seasonal variance. The overflow does not descend below 1250 m in the Sulu Sea, but
rather settles above high-salinity deep water derived from the Sulawesi Sea. The mean
observed overflow transport at the sill is 0.32 × 106 m3 s−1 . The observed transport
was used to calculate a bulk diapycnal diffusivity of 4.4 × 10−4 m2 s−1 within the
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Sulu Sea slab (∼575 m to 1250 m) ventilated from Panay Strait. Analysis of Froude
number variation across the sill shows the flow is hydraulically controlled. A suitable
hydraulic control model shows overflow transport equivalent to the observed overflow.
Thorpe-scale estimates show turbulent dissipation rates up to 5 × 10−7 W kg−1 just
downstream of the supercritical to subcritical flow transition, suggesting a hydraulic
jump downstream of the sill.
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Introduction

Exchange between ocean basins often occurs in regions of confined straits with relatively shallow topographic sills. The effects of shallow topography on water characteristics and flow dynamics are important for a full understanding of regional and
global ocean circulation and deep basin ventilation. The archipelago stretching from
Asia to Australia, separating the Pacific and Indian Oceans, consists of many deep
basins isolated from each other and the open ocean by relatively shallow sills. Parts
of this archipelago have been intensively studied, including the ventilation of the deep
basin in the Banda Sea through the Lifamatola Passage, by van Aken et al. [2009],
and the deep ventilation of the South China Sea via Luzon Strait, investigated by
Chao et al. [1996] and Qu et al. [2006b].
Similarly, the seas of the Philippines region are composed of numerous isolated
deep basins, though the circulation patterns that ventilate these basins and the physical processes that modify these water masses have not been discussed as widely in
the literature. This is despite the high level of paleoceanographic work done in the
region to study changes in El Niño-Southern Oscillation, the Asian Monsoon, and the
Intertropical Convergence Zone over climatic time scales [Oppo, 2003, Dannenmann,
2003].
Early work in the region by Wyrtki [1961] identified the role of the Asian Monsoon
in directing the surface flow between the South China Sea and Sulu Sea. Geochemical
work using radiocarbon dating has traced Sulu Sea deep water to sources in the
South China Sea [Broecker et al., 1986], and sediment cores show evidence of periodic
turbidity currents flowing down from Mindoro Strait into the Sulu Sea [Quadfasel
et al., 1990]. Given the shallower depths of other sills surrounding the Sulu Sea,
these studies suggested that the southward flow of sub-thermocline South China Sea
water into the Sulu Sea by way of Mindoro Strait may be the dominant, if not the
only, source of Sulu Sea deep water. However, based on observations presented below,
Mindoro Strait water appears not to ventilate the deep Sulu Sea.
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The Mindoro Strait consists of two sills, the northern Mindoro Sill at approximately 440 m depth and Panay Sill at 570 m, separated by a small basin near
the Tablas Strait with depths up to 1000m (Figure 2.1). Qu and Song [2009] used
satellite-derived sea surface height and ocean bottom pressure to estimate a total
mean transport from the South China Sea to the Sulu Sea through Mindoro Strait
of 2.4 Sv (1 Sv = 1 × 106 m3 s−1 ), with strong seasonal variability. Additionally, the
Ocean General Circulation Model for the Earth Simulator measured the flow through
Mindoro Strait at 1.3 Sv [Qu et al., 2006a].
Here we present direct overflow measurements at a topographic sill within Panay
Strait, using both lowered and moored Acoustic Doppler Current Profilers (ADCPs).
Our focus is on the strong flows observed in the benthic boundary layer. Transport
estimates for this overflow are based on both the direct measurements and a hydraulic
control model using available hydrographic data. In Section 2.2 we describe the data,
including the Conductivity, Temperature, Depth (CTD), lowered ADCP (LADCP),
and moored ADCP. Transport estimates using observed current data and hydraulic
control theory are presented in Section 2.3; the dynamics of the overflow, including
flow criticality and diapycnal mixing estimates, are in Section 2.4. In Section 2.5 we
discuss how the direct observations compare to the hydraulic control theory estimates,
and what our results mean in terms of downstream ventilation of the Sulu Sea.

2.2

Data

Data was collected as part of the Philippines Straits Dynamics Experiment (PhilEx)
on three cruises aboard the R/V Melville during June 2007, January 2008, and March
2009. For this study we will be using a subset of the complete data set (Figure 2.1).
This subset includes data from CTD and LADCP casts, and a bottom-moored ADCP.
In 2007 seven CTD/LADCP stations were taken in the vicinity of Panay Sill, 15 in
2008, and six in 2009. Of these, a total of eight stations were occupied at the mooring
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location: six in 2007 and one each in 2008 and 2009. Three other locations near the
sill were occupied on multiple cruises. Figure 2.2 shows a profile of data taken from a
representative station at Panay Sill. Station casts were not taken with regard for the
tidal cycle which introduces a potentially important source of uncertainty, particularly
in the LADCP data.

2.2.1

CTD

The CTD system included a SeaBird Electronics SBE911+CTD system fitted with
two sets of dual pump conductivity and temperature sensors and an SBE43 dissolved
oxygen sensor. The SeaBird temperature sensor has a manufacturer-reported accuracy of 0.001◦ C. The conductivity sensor is accurate to 0.0003 S m−1 . Water samples
were collected in six 10 liter bottles using a 12-position carousel. Conductivity calibration was performed in a temperature-controlled shipboard laboratory using a
Guildline Autosal 8400A laboratory salinometer. Down-cast data was processed to
a 1 db resolution temperature and salinity product, from which surface-referenced
potential temperature and potential density were calculated.

2.2.2

Lowered ADCP

Lowered ADCP instruments were deployed in a two-head configuration attached to
the CTD rosette. In 2007 and 2008 a custom-built high-powered Teledyne RDI 300
KHz instrument was used as a downlooker and a Teledyne RDI Workhorse 300 KHz
instrument was used as an uplooker. In 2009 two regular Teledyne RDI Workhorse
300 KHz instruments were used in the uplooker/downlooker configuration. The instruments were configured to collect staggered single ping ensembles every 1.5/2.0
seconds. Processing was done using the Lamont-Doherty Earth Observatory LADCP
Processing Suite software, incorporating CTD data for correction of ADCP range
due to sound speed variation, and hull-mounted ADCP, GPS, and bottom-tracking
for constraints on the barotropic velocity [Visbeck, 2002].
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ADCP Mooring

An upward-looking Teledyne RDI Long Ranger 75 KHz moored ADCP at Panay Sill
(11◦ 160 N, 121◦ 550 E) was deployed at approximately 570 m (578 m water depth)
on June 9, 2007. The mooring was located 2.5 km downstream from the narrowest
constriction at Panay Sill. On June 28, 2007 the mooring was recovered, the data
downloaded, and redeployed at the same site. A second recovery and redeployment
was conducted on December 5, 2007. This final deployment lasted until recovery on
March 16, 2009. The instrument recorded a ping ensemble every 30 minutes with a
bin size of 16 m interpolated onto a 10 m grid. ADCP depth was pressure corrected
for mooring motion, though corrections were small due to the short 8 m wire length
from the ADCP instrument mount to the bottom anchor.

2.3
2.3.1

Panay Sill Overflow Transport
Water Characteristics

The overflow water is drawn from the South China Sea, which in turn draws water
from the western Pacific via Luzon Strait Qu et al. [2006a]. Repeat LADCP observations (Figure 2.3) across the topographic sill of the Panay Strait reveal strong
bottom-intensified flow to the south. The flow is strongest on the steep downstream
side of the sill, weakening as the seafloor slope decreases away from the sill.
Sub-thermocline water at the sill shows a sharp density interface approximately
100 m above the seafloor (e.g., Figure 2.2). The mean depth of this interface across
the eight occupations of this station is 483 dbar (standard deviation σ = 15 dbar),
with the diurnal tide the dominant source of variability (see Section 2.32.3.2). The
overflow interface was determined by examining individual station density profiles
below the thermocline for a region of increased vertical density gradient, explained
fully in Section 2.32.3.3. The mean interfacial potential density, σθ , across all stations
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at the sill was 26.42 kg m−3 . Isopycnals at the sill slope downward, coincident with
the region of increased velocity (Figure 2.4). Within the overflow, the mean potential
temperature across the eight mooring site stations is 9.67◦ C (σ = 0.13◦ C) and the
mean salinity is 34.443 (σ = 0.003). Temperature and salinity characteristics are used
to estimate the source of the overflow water at between approximately 380 and 440
dbar in the South China Sea. Likewise, the overflow ventilates between 800 and 1250
dbar in the Sulu Sea. These water masses are the source of the Panay Sill overflow
and the region ventilated by it, respectively. Water mass modification is evident in
T/S space (Figure 2.5), particularly between Panay Sill and the Sulu Sea. The coldest
water at the sill, with potential temperature of 9.37◦ C, is mixed away before reaching
the Sulu Sea. Additionally, despite the loss of the freshest water in the overflow, this
water remains fresher than the deep water in the Sulu Sea.
An along-channel transect of stations from 2009, in Figure 2.6, shows the evolution
of the overflow water salinity and dissolved oxygen from Panay Sill into the Sulu
Sea. Close to the sill, bottom water retains the low-salinity and well oxygenated
characteristics of the overflow. As the water flows southward along the seafloor and
into the Sulu Sea, this low-salinity water reaches to approximately 1250 m before
separating from the seafloor and overlying saltier, poorly oxygenated deep Sulu Sea
water. The local salinity minimum marking Panay overflow water is found at slightly
shallower depths in the central Sulu Sea, near 1000 m.
The possibility remains that some portion of Panay Sill water hugged the western
boundary of the channel between the sill and the Sulu Sea more closely than our sampling strategy allowed us to observe. However, the plume of overflow water stretching
into the Sulu Sea matching the water characteristics observed at the sill suggests that
we have, in fact, observed the dominant mass of water ventilating the intermediate
depths of the Sulu Sea.
In the deep Sulu Sea, salinities reach greater than 34.47 and potential temperatures
are between 9.89◦ and 9.90◦ C. Panay Sill water of this salinity is much warmer:
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approximately 12◦ C (Figure 2.5). The source of deeper Sulu Sea water is most likely
the Sulawesi Sea (Celebes Sea) to the south of the Sulu Sea. Despite the shallow sill,
at 340 m, separating the basins, high-salinity sub-thermocline Sulawesi Sea water is
lifted over the shallow Sibutu Passage sill during extreme tide events [Gordon et al.,
2011b]. Intermediate depths in the Sulu Sea are composed of a mixture of these two
end-member water masses.

2.3.2

Velocity Observations and Transport

The along channel velocity time series from the ADCP mooring at the sill during the
three cruise periods are shown in Figure 2.7. The along channel direction (heading
140◦ ) was determined by the direction of flow at 520 m, the depth of greatest mean
velocity magnitude using the complete 18-month time series. The overflow variability
is clearly dominated by the diurnal tide. The general structure of the flow confirms
the LADCP data at the sill (Figure 2.3). The velocity is strongest approximately
50 m above the bottom, with strong vertical shear between 350 m and 550 m. Also
evident is a vertical migration of the interface with the diurnal tide.
Despite the relatively low latitude of the sill, 11.3◦ N, dense overflow water appears
banked against the right of the channel, consistent with that expected due to rotation
(Fig. 2.8). Velocity structure is similar with elevated velocities banked to the right.
The importance of rotation is addressed below with regards to hydraulic control.
Velocity drops off toward the bottom of the channel, likely due to bottom friction.
In order to determine the transport over the sill from the single-point mooring
time series we make a number of assumptions about the cross-channel structure of the
overflow. First, we use the cross-channel LADCP transect to estimate the horizontal
width of the overflow. Visual inspection of the zero-crossings in the downstream flow
above the high-velocity core suggests a width of approximately 15 km. This estimate
is subject both to spatial uncertainty regarding the flow between the stations as well as
temporal uncertainty due to unresolved tidal variability. Additionally, for the velocity
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integration we assume the flow to be symmetrical across the sill, thus overestimating
the flow to the east of the mooring and underestimating it to the west. Velocity is
considered to be zero at the flow margins and scale linearly out from the mooring in
the center of the channel.
As we are interested in the strength of the overflow and not the total Mindoro/Panay Strait throughflow, we do not integrate flow through the whole water
column for our transport calculation. We also wish to isolate the overflow for comparison with hydraulic control theory estimates of the transport, which assumes a dense
overflow with quiescent water above. While the overflow interface is well-defined in
potential density, temperature, and salinity, the velocity interface is less clear, particularly with regard to the strong seasonality at mid depths (Figure 2.7). In order to
separate the dense overflow from the seasonally variable and less dense flow higher in
the water column we calculate the first three empirical orthogonal functions (EOFs)
which contain 98.3% of the total variance in the mooring time series. The leading
EOF contains 89.6% of the variance and represents the dense overflow (Figure 2.9).
Examination of the associated principal components (PCs) shows that the leading
EOF represents the bottom overflow layer and is positive throughout the time series.
The second and third leading EOFs, associated with structure in the upper water column, have more pronounced seasonality that varies in sign (not shown). The second
PC increases in amplitude during the autumn and winter and the third PC shows a
maximum in winter and minimum in summer. Using these results, we define the top
of the overflow by the zero-crossing of the leading EOF, at 408 m (Figure 2.9).
The mean transport through the full time series was 0.32 Sv (σ = 0.13 Sv) while
the mean transports during the three cruise periods are shown in Table 2.1. The
weakest flow (0.24 Sv) was measured during the June 2007 cruise, while the strongest
was during March 2009 (0.35 Sv). The transport was found to be moderately sensitive
to the choice of channel width. Assuming a channel width of 10 km resulted in a mean
transport over the full time series of 0.27 Sv (σ = 0.10 Sv) while for a 20 km channel
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width the mean transport was 0.35 Sv (σ = 0.14 Sv).

2.3.3

Hydraulic Control

A second method to estimate the transport across the sill is hydraulic control theory. At its most basic, this theory describes the physics of a fluid spilling over a
weir. With rotation and stratification included, it has been applied to atmospheric
and oceanic geophysical problems including the spillage of dense water through the
Denmark Strait and Faroe Bank Channel to form the North Atlantic Deep Water
[Pratt and Whitehead, 2008]. We use a formulation of the theory assuming parabolic
sill geometry and a zero potential vorticity flow based on work by Borenas and Lundberg [1986, 1988]. Zero potential vorticity flow would develop from water exiting a
deep, still upstream basin; the validity of this assumption is discussed below. We
assume a 1.5-layer system consisting of a deep overflow and a quiescent upper layer.
The definition sketch in Figure 2.10 shows the channel cross section at the sill. This
cross section is located at a channel depth minimum such that the bottom of the
sill is a bathymetric saddle point. The coordinate system origin is located at this
saddle point, with x in the cross-channel direction and y in the along-channel. Semigeostrophic, zero potential vorticity flow through a parabolic channel leads to a depth
profile, h, of
1
h(x) = (1 + 2r−1 )(a + x)(b − x)
2

(2.1)

and a velocity profile, v, of

1
−1
v(x) = − x + (1 + 2r )(a − b) .
2


(2.2)

where g 0 is the reduced gravity across the interface, α is the curvature of the channel
at the sill, r = f 2 /g 0 α, and −a and b are the two x-coordinates where the interface
intersects the bottom such that h(x) = 0. The Coriolis parameter, f , is calculated at
the latitude of the sill, 11.3◦ N.
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Insight into the effect of the sill geometry on the transport is provided by the
non-dimensional width r, which can alternatively be written as
r=

wp2
g 0 αwp2 /f 2

(2.3)

where wp is the half-width of the channel when filled to an arbitrary depth dp = αwp2 .
At this depth the local Rossby radius of deformation is (g 0 dp )1/2 /f = (g 0 αwp2 /f 2 )1/2 .
Thus r is a ratio between the square of two lengths: the channel’s half-width, wp ,
and the local Rossby radius of deformation based on the associated depth, dp . At
small r the channel can be considered dynamically narrow, while large r signifies a
dynamically wide sill. Conveniently, since the parameter r need not be a function of
either wp or dp , the transport can be determined without specifying an exact channel
width.
Based on our determination of g 0 at each of the sill mooring stations, described
in detail below, we find a mean value r = 0.18 (σ = 0.04); Panay Sill is dynamically
narrow. The local Rossby radius of deformation based on the thickness of the overflow
is approximately 16 km, comparable to the observed overflow width. Pratt et al.
[2008] investigated the stability of hydraulically controlled flows and while they found
that zero potential vorticity flow through a parabolic channel is always unstable, the
instability is weak for r≤O(1). This suggests that flow instability may not be an
important process at Panay Sill.
Hydraulic estimates of the volume flux Q are based on the assumption that the
flow is critical, such that
6(a − b)2 = r(a + b)2
at the sill [Pratt and Whitehead, 2008]. Use of this condition leads to
Z b
g 0 (1 − γ)(1 + γ)3 2
h0 ,
Q=
(vh)dx =
3rf (1 + 2r )γ 2
−a
where
p
6/r − 1
γ=p
,
6/r + 1

(2.4)

(2.5)
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and where h0 ≡ h(x = 0, y = 0) is the layer thickness measured at the bathymetric
saddle point.
The standard practice [Borenas and Lundberg, 1988, e.g.] is to invoke conservation
of the volume flux and the Bernoulli function along the path of the flow in order to
write h0 in terms of layer thickness measured far upstream, where the flow is assumed
to be quiescent. Modeling results [Helfrich and Pratt, 2003] have suggested that the
Bernoulli function may not be conserved and, indeed, the procedure fails to yield
good agreement with our direct estimates of transport. We have therefore opted to
make an entirely local estimate based on (2.5), with α, g 0 , h0 , etc. measured at the
sill. Using a least-squares polynomial fit to the multibeam bathymetry along the sill
we find the sill curvature to be α = 2.23 × 10−6 . Calculation of g 0 and h0 first requires
location of the density interface in the observed sill profiles.
Temperature is the dominant control on density below the thermocline in Mindoro
Strait (e.g., Figure 2.2) and was used to identify the interface between the overflow
and the overlying water. The interface was defined to be at the depth of the greatest
potential temperature gradient deeper than 350 m after low-pass filtering the potential temperature. A 50 db low-pass Hanning filter was applied to the potential
temperature profile before calculating the gradients as some stations showed staircaselike features above the interface that resulted in false identification of the interface.
Visual inspection of the profiles confirmed that the filtering procedure identified the
correct interface. The bottom depth was determined using LADCP bottom-tracking
techniques [Visbeck, 2002]. The echo amplitude of an LADCP ping off the seafloor
is significantly greater than the echoes from scatterers in the water column, allowing
the location of the bottom to be determined either from dedicated “bottom-tracking”
pings or regular water pings. The thickness of the overflow at the center of the sill,
h0 , was then calculated as the difference between the interface depth and the bottom
depth.
Calculation of the value g 0 is subtle because the interfacial density jump is bordered
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above and below by fluid that has continuous, though slight, stratification. The
existence of the latter calls into question the 1.5-layer approximation upon which the
flux formula (2.5) (and most other results from rotating hydraulic theory) is based.
In Appendix A, we attempt to clarify this issue through reference to an idealized flow
with a homogeneous lower layer flowing under a continuously stratified region, the
two separated by a density interface. We discuss conditions under which the effects
of the overlying stratification can be ignored and the value of g 0 can be calculated
solely from the density jump across the interface, as in 1.5-layer dynamics. One
such circumstance applies when the flow is hydraulically critical. Since our hydraulic
analysis is based entirely on the presumptively critical flow at the sill, the 1.5-layer
approximation appears to be justified. Appendix A also spells out some cautions
regarding more general use of this assumption.
In order to calculate the density jump across the interface, we first identified the
thermocline bottom depth as that depth which maximizes the difference between the
mean overlying and mean underlying potential temperature gradients. For Station 8,
2007, in Figure 2.2, this depth is at 177 dbar. We then calculated the mean potential
temperature gradient between the bottom of the thermocline and the seafloor. Having
identified the interface using the filtered potential density gradient as described above,
we searched above and below the interface for the nearest depth in each direction
where the potential temperature gradient was less than the mean sub-thermocline
gradient. These two depths defined the above and below extremes of the interface
layer, and the density at these depths were used for calculation of g 0 . Validation of this
method by comparing the interfacial modes calculated for an idealized stratification
with the long wave speeds propagating along the interface is presented in Appendix
A.
For each CTD profile taken at the sill mooring site, g 0 and h0 were calculated
and used in (2.5) to determine the transport, Q. The mean transport was found to
be 0.32 Sv (σ = 0.1 Sv), the same value we determine from the direct integration
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of the moored ADCP velocity. The full results for each station are in Table 2.2.
While 6 of the 8 profiles were done in June 2007, with one each in January 2008 and
March 2009, the calculated transports in 2008 and 2009 are within the range of the
2007 data. The variability in the transport, Q, is due to variability in the observed
thickness of the overflow, h0 , and in reduced gravity, g 0 , resulting from changes in
the density structure across the interface. However, Q is most sensitive to changes
in h0 . While we do not have a temperature profile time series at the sill to directly
measure changes in interface depth, velocity profiles show vertical tidal migrations
in addition to changes in flow velocity, suggesting the tidal variability in h0 is the
dominant source of variability in the calculated transport.

2.4

Panay Sill Overflow Dynamics

In January of 2008 a north-south station transect was completed across the sill.
With this series of hydrographic and current profiles, plus additional profiles sampled
in 2007 and 2009, we can examine how dynamic properties of the flow vary from
upstream to downstream of the sill. We first address the hydraulic criticality of
the flow and determine locations of critical control. Second, we use Thorpe-scale
overturning lengths to estimate the spatial variation of turbulent dissipation rates
across the sill.

2.4.1

Flow Criticality

It is difficult to verify in a precise manner that the flow undergoes the classic subcriticalto-supercritical transition at or near the sill. The cross-stream structure is one complication; the presence of overlying stratification is another. Nevertheless we have made
a crude estimate of hydraulic criticality at various sections by calculating a Froude
√
number Fr = U/ g 0 h based on the depth-averaged velocity U near the middle of each
section and the value of g 0 as calculated in Section 2.32.3.3. The flow is subcritical
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(Fr < 1) over the upstream half of the sill, becoming critical or supercritical towards
the downstream end of the sill (Figure 2.11). As the seafloor descends downstream
of the sill, Fr drops to subcritical values. The maximum Fr value was observed at
the sill mooring site, the most frequently sampled location, with values ranging from
0.7-1.8, and a mean of 1.3 (σ = .4). Downstream of the supercritical to subcritical
transition we find Fr values between 0.1 and 0.3, though the interface is less well
defined in this region and these measurements are more sensitive to changes in our
working definition of the interface location and reduced gravity. Additionally, the
transition from supercritical to subcritical flow is often associated with a hydraulic
jump [Pratt, 1983, Pratt and Armi, 1987]. We would therefore expect to find elevated
mixing in this region. Gradient Richardson numbers, Ri = N 2 /(dU/dz)2 , less than
1/4 are found within the overflow, indicating the potential for turbulent mixing due
to shear instabilities (Figure 2.12).

2.4.2

Turbulent Dissipation

One approach to quantifying the dissipation rate is to examine the length scales of
density overturns. The relevance of this scale, called the Thorpe scale [Thorpe, 1977],
builds on the assumption of a stably stratified background density profile which is
perturbed by turbulent mixing. These perturbations move dense water over lighter
water, resulting in density inversions in the measured profile. Details of density
overturn identification, calculation of Thorpe scales, and estimation of turbulent dissipation rates for individual overturns are in Appendix B.
The mean dissipation rate within the overflow, shown in Figure 2.11, was calculated as
=

1 X
i hi
H i

(2.6)

where H is the thickness of the overflow layer and i and hi are the dissipation rate and
thickness of individual overturns within the overflow layer. With 1 dbar resolution
data, the minimum resolvable overturn thickness is 2 dbar, with a corresponding
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LT = 1 dbar. In addition to observed overturns, presumably there are unresolvable
density inversions in the water column with LT < 1 dbar. We can put upper and
lower bounds on the dissipation rate estimates by making different assumptions about
the sub-resolution scale overturning. The dissipation rate for an individual overturn
of LT = 1 dbar varies with the background stratification; within the sill overflow we
find it ranges from 2 × 10−9 to 9 × 10−8 , with a mean of approximately 4 × 10−8 W
kg−1 .
At each station, we can estimate a lower bound for the mean dissipation rate by
assuming depths with no resolvable overturns have zero dissipation. Likewise, we
estimate an upper bound by assuming all depths with no resolvable overturns contain
the largest possible sub-resolution scale overturns. These upper and lower bounds do
not constrain the dissipation estimates of observed overturns, rather they provide a
limit to the amount of dissipation that occurs at sub-resolution scales.
Estimated dissipation rates across Panay Sill range from 3 × 10−10 to 5 × 10−7 W
kg−1 . A corresponding estimate of the mean eddy diffusivity is 4 × 10−4 m2 s−1 , given
by
Kρ = ΓN −2

(2.7)

where Γ, the mixing efficiency, is taken as 0.2, though there is theoretical and observational evidence that Γ varies with different mixing environments, so this is likely a
simplification [Ruddick and Walsh, 1997, Smyth et al., 2001].
The highest dissipation rates were found on the downstream side of the sill where
the bottom slope increased. Upstream stations at the sill contain fewer and smaller
observed overturns and more of the depth profile is subject to uncertainty at the LT <
1 dbar scale. Downstream station profiles contain larger overturns which dominate
the dissipation rate average. Additionally, these large overturns leave less of the
profile subject to sub-resolution scale overturning, reducing the range between the
upper and lower bounds. The calculated dissipation rates for individual overturns
tend to be highly uncertain and the absolute magnitudes are not discussed in detail,
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though the spatial distribution shown in Figure 2.4 is similar to the patterns seen in
the mean overflow dissipation rates. Elevated turbulent mixing associated with sill
overflows has also been observed elsewhere, including in the Romanche fracture zone
[Polzin et al., 1996] and Mid-Atlantic Ridge canyons [Thurnherr, 2006].
That the dissipation rate in the overflow reaches high values in the range of 10−7
to 10−6 W kg−1 immediately downstream of where the Froude numbers show the flow
transitions from supercritical to subcritical suggests there is a hydraulic jump on the
downstream slope of Panay Sill. Downward sloping isopycnals across the sill show an
upward rebound here as well, consistent with a hydraulic jump (Figure 2.4). Strong
mixing downstream of a hydraulic control point is consistent with observations at sills
along the Mid-Atlantic Ridge by Thurnherr et al. [2002].
Despite significant turbulent mixing in the overflow layer, a weak background
stratification is evident in density profiles at the sill (Figure 2.2). The maintenance
of this weak stratification requires a buoyancy flux across the upper interface of the
overflow. A control volume approach can be used to estimate this diapycnal buoyancy
flux. We considered an along-channel control volume defined by three 2008 stations,
connected by the solid red line in the inset to Figure 2.1. This control volume is
located at the sill, upstream of the hydraulic jump. Balancing the diffusive diapycnal
buoyancy flux at the interface and the change in advected buoyancy across the volume,
Kρ A

∂σ
= Q∆σ
∂z

(2.8)

where Kρ is the eddy diffusivity through the overflow interface approximated by the
σθ = 26.42 kg m−3 surface, A = 82 km2 is the area of the surface, ∂σ/∂z is the
potential density gradient evaluated at the interface surface, Q = 0.32 Sv is the
volume flux through the control volume, and ∆σ is the difference between the mean
potential density at the upstream and downstream bounds of the control volume. We
find the necessary eddy diffusivity, Kρ , at the overflow interface to be approximately
6 × 10−3 m2 s−1 . This bulk estimate at the overflow interface is an order of magnitude
greater than the Thorpe-scale based estimate within the overflow of 4 × 10−4 m2 s−1 .
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Discussion

2.5.1

Transport Estimates

Both the mooring time series integration and hydraulic control theory determine an
overflow transport at Panay Sill is approximately 0.3 Sv. This conclusion is strengthened by the independence between these two measures: direct current measurements
from the moored ADCP and a hydraulic control model from hydrographic data alone.
One potential source of error in both estimates is the uncertainty of the width of the
overflow current. The ADCP integration is sensitive to this parameter, and our best
estimate of the width is based on LADCP measurements from a single cross-channel
transect in 2008. How the effective width of the flow varies on tidal, seasonal, or
annual timescales is uncertain. While the parabolic hydraulic control transport estimate does not depend on channel width directly, the curvature of the channel varies
on different length scales. The average sill curvature would be decreased for a wider
overflow.
Qu and Song [2009] published estimates of Mindoro Strait transport using satellitederived sea surface height and ocean bottom pressure measurements. Their model
was based on rectangular hydraulic control theory and geostrophic control [Whitehead, 1989, Garrett and Toulany, 1982, Song, 2006] to estimate a full-water column
transport of 2.4 Sv and a bottom layer transport of 1.3 Sv. While we do not estimate
the full water column transport here, our bottom layer estimates are significantly
lower, 0.3 vs. 1.3 Sv. This difference most likely stems from inadequacies in the topographic and hydrographic data sets used by Qu and Song. For instance, compared
to the observed bathymetry from the multibeam system on the R/V Melville, the
Smith and Sandwell [1997] topography shows the sill to be wider and farther west
from Panay Island, and the seafloor slope gentler both upstream and downstream
of the sill. While their model takes accounts for bottom friction, the intense mixing
observed downstream of the sill reduces the reliability of a hydraulic control model
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based on far upstream and downstream hydrographic profiles.
With regard to seasonal variability, we confirm the strengthening of flow during
the fall observed by Qu and Song [2009], although we also found the strong seasonal
velocities in the upper water column to continue through the early winter. We should
also note that the sill mooring site is located approximately 2 km downstream from the
narrowest section of the sill, where our cross-channel transect was conducted. While
the along-channel LADCP measurements suggest that the flow does not appreciably
change between the narrowest section and the mooring location, if this assumption
is subject to tidal or seasonal variability not captured by the LADCP measurements
then our observed transport estimates would be biased low.

2.5.2

Sulu Sea Ventilation

We can estimate the residence time of the upper Sulu Sea and make bulk diapycnal
mixing estimates using the mean Panay Sill transport estimate of 0.32 Sv. Previous
estimates of Sulu Sea residence time include work by Broecker et al. [1986], who used
radiocarbon methods to yield a residence time upper bound estimate of 100 years,
and Gamo et al. [2007], who used deep Sulu Sea oxygen to place a lower bound on
residence time of 50 years. These estimates, however, assume that the whole water
column of the Sulu Sea is ventilated by Mindoro Strait, whereas our results suggest
the ventilation only occurs to approximately 1250 dbar.
The mean interfacial potential density, σθ , at the sill mooring site is 26.42 kg m−3 .
Downstream in the Sulu Sea this isopycnal is found at approximately 575 dbar. As
the slab in the Sulu between this isopycnal at 575 dbar and 1250 dbar is ventilated by
the Panay Sill overflow, we calculate a residence time for this slab of 11 years based
on a volume flux of 0.32 Sv and a slab volume of 1.1 × 1014 m3 .
This water must upwell across the 26.42 σθ surface and escape from the Sulu Sea
into the South China Sea or the Sulawesi Sea. It is likely that the pathway to the
South China Sea or Sulawesi Sea first involves entrance into the Bohol Sea through
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the 450 m deep Dipolog Strait, with subsequent return to the Sulu at a shallower level
within Dipolog Strait. Initial analysis of the Panay mooring time-series reveals near
zero net transport above the overflow layer (Sprintall et al., in prep) suggesting that
the Panay overflow eventually exits the Sulu Sea through the Sibutu Passage into
the Sulawesi Sea. After entering the Sulu Sea the Panay overflow water must upwell
through the 26.42 σθ surface. Using a similar control volume approach as at the sill,
we can calculate a bulk eddy diffusivity estimate through this surface necessary to
balance the buoyancy difference between incoming water from the Panay overflow
and the upwelling water. From (2.8), where A = 1.8 × 1011 m2 is the area of the 575
dbar surface in the Sulu Sea, Q = 0.32 Sv is the volume flux into the Sulu Sea and
equivalently by mass conservation through the 575 dbar surface, ∆σ = 0.14 kg m−3 is
the density difference between inflowing transport-weighted Panay Sill overflow water
and upwelling Sulu Sea water at 575 dbar, and ∂σ/∂z = 5.6 × 10−4 kg m−4 is the
stratification at 575 dbar in the Sulu Sea, we obtain an eddy diffusivity estimate of
Kρ = 4.4 × 10−4 m2 s−1 . A similar calculation using potential temperature rather
than potential density results in Kρ = 4.5×10−4 m2 s−1 . These values, while an order
of magnitude larger than nominal background mixing in the abyssal ocean [Munk,
1966], are of the same order as those obtained in the South China Sea [Qu et al.,
2006b] which, like the Sulu Sea, is subject to strong internal waves and solitons [Apel
et al., 1985, Ramp et al., 2004].

2.6

Conclusions

Our results show evidence for a strong bottom-enhanced overflow current at Panay
Sill, transporting approximately

1
3

Sv from the South China Sea to the Sulu Sea. This

water does not appear to descend into the deep Sulu Sea, but rather finds neutral
buoyancy above approximately 1250 dbar. Below this depth we observe water that
cannot be traced to Panay Sill, suggesting a second ventilation source for the deep
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Sulu Sea. The overflow shows strong tidal variability with downstream velocities over
70 cm s−1 observed during flood tide. The flow appears to be hydraulically controlled
at the sill with a likely hydraulic jump downstream of the control point. Strong
turbulent mixing was observed in the overflow, with estimated turbulent dissipation
rates up to 5 × 10−7 W kg−1 .
Panay Sill Overflow water ventilates an upper slab of the Sulu Sea between approximately 600 and 1250 dbar with an estimated residence time of 11 years. Assuming
a steady state in the upper Sulu Sea, we estimate a bulk average diapyncal eddy
diffusivity above this slab of 4.4 × 10−4 m2 s−1 .
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Appendix A: Justification of the 1.5-layer approximation at the sill

Fitting a layer model to a flow with continuous vertical variations in velocity and
stratification requires estimation of the density jump ∆ρ, and a corresponding value
of g 0 , across the hypothetical interface. For the Panay Sill overflow we have attempted
to model the dense overflow as the active lower layer of a 1.5-layer system, with the
interface corresponding to a location where the density profile undergoes a slight but
rapid change in the vertical. Above the interval of rapid change the density decreases
at a rate that is roughly linear in elevation for 250 m or so. A two-dimensional
idealization (left panel in Figure 2.13) consists of a homogeneous bottom layer that is
overlain by an interface and, above it, a layer with constant stratification N > 0. The
bottom layer has a thickness h and moves at uniform velocity U > 0, whereas the
upper fluid is quiescent. As partial justification for the 1.5-layer approximation used
in this work, we examine the conditions under which the approximation is justified
in this simplified two-dimensional setting.
Conventional hydraulic theories, including those used here, assume that the upper
layer is homogeneous (N = 0) and inactive. Critical conditions, transport formulae,
and other hydraulic properties then depend on the expression U ± (g 0 h)1/2 for the
speed of long gravity waves propagating on the interface, with g 0 calculated as described above. How does finite stratification in the upper fluid alter this picture?
Some guidance is given by calculation of the speed of the same interfacial mode for
the system with finite stratification in the upper layer. As discussed by Pratt and
Whitehead [2008] the waves relevant for hydraulic control are horizontally long and
have a modal structure in the vertical that satisfies boundary conditions at the top
and bottom. In particular, the modes are solutions of the Taylor-Goldstein equation
for long waves:


d2 w̃
N2
d2 U
+
− 2 w̃ = 0
dz 2
(U − c)2
dz

(2.9)

CHAPTER 2. PANAY SILL OVERFLOW DYNAMICS

27

subject to the boundary and matching conditions
w̃ = 0

z=h+
w̃
=0
U − c z=h−
z=h+

dU
gρ w̃
dw̃
− w̃
−
(U − c)
=0
dz
dz
ρ0 (U − c) z=h−

(z = 0, H),

(2.10)

(z = h),

(2.11)

(z = h).

(2.12)



Here the vertical structure of the vertical velocity is given by w(x, z, t) = Re w̃(z)eik(x−ct)
and thus w̃ gives its vertical structure. The first matching condition from (2.10) follows from the kinematic condition at the interface whereas (2.11) follows from a single
integration of (2.9) across the interface.
The vertical eigenfunctions for (2.9-2.12) are


A sin(N (H − z)/c) (h < z < H),
w̃ =

Bz/h
(0 < z < h).

(2.13)

The wave speed c is given by the transcendental relation
(U − c)2 = g 0 h − cN h cot[N (H − h)/c],
where H is the total water depth. It will be convenient to consider the following
nondimensional version:



γ(1 − ε)
γ(1 − ε)
= −εγc̃ cos
[(Fd − c̃) − 1] sin
c̃
c̃
2



(2.14)

with c̃ = c/(g 0 h)1/2 , Fd = U/(g 0 h)1/2 , γ = N H/(g 0 h)1/2 and ε = h/H. In the Panay
Sill region, γ ≈ 4.9 and ε ≈ 0.18.
If the upper layer is made homogeneous (N → 0), (2.14) yields the familiar wave
speed c = U ± (g 0 h)1/2 for a 1.5-layer system. If U = 0 and h → 0, so that the entire
water column is stratified, then solutions of (2.9-2.12) obey cot[N H/c] → ∞, or c =
±N H/nπ for n = 1, 2, 3 . . . . These are the speeds of the long internal modes under
constant stratification. For our application to the Panay Sill region, the question
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under consideration is whether the 1.5-layer formula yields an accurate estimate of
the vertical mode that is relevant for the dynamics of the overflow. There are at least
two circumstances where this approximation is justified. The most obvious is when
the overlying stratification is weak in the sense γ  1. Then the right-hand side of
(2.14) is negligible and c = U ± (g 0 h)1/2 is an approximate solution. For the Panay
Sill stratification γ is not small and the approximation cannot be justified on these
grounds.
The second circumstance is more subtle and can be revealed by setting Fd = 1 in
(2.14). The resulting equation





γ(1 − ε)
γ(1 − ε)
c̃ (c̃ − 2) sin
+ εγc̃ cos
=0
c̃
c̃
has as a solution c̃ = 0. (The sine and cosine functions in the bracketed expression
oscillate rapidly, but remain bounded, as c̃ approaches zero, so the root c̃ = 0 is
genuine.) Thus, the familiar critical condition Fd = 1 for the 1.5-layer system implies
the existence of a stationary wave mode of the more general system. Moreover, the
amplitude A of this mode in the overlying stratification is zero, as follows from (2.13).
Thus the critical condition for the 1.5-layer system implies that the more general flow
is also critical and that the stationary wave mode has all the characteristics of the
1.5-layer critical mode, with g 0 determined by the density jump across the interface.
If the overflow in question passes through a point where Fd = 1, then the above
characteristics will hold within a certain approximation in the immediate vicinity of
the point, where Fd is approximately unity. Our hydraulic estimate of the Panay Sill
volume flux is based entirely on quantities evaluated at or near the location where
Fd = 1: the 1.5-layer approximation inherent in the formulas applied would appear
to be justified at these locations.
This conclusion comes with several caveats. First, our use of the 1.5-layer model
would not be globally justified for a hydraulic analysis that links volume flow rate to
upstream conditions, since the upstream typically has Fd  1. Second, our justification is based on a nonrotating model of waves in a 2D stratified flow, whereas the
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flux formula is based on a rotating 3D flow. Ideally, one would like to carry out the
above analysis for a full 3D stratified flow, but this is well beyond the present state
of art in the field.
Ambiguities in the estimation of g 0 could, in principle, be avoided through calculation of the continuous vertical modes of the observed, continuously stratified shear
flow. Gregg and Pratt [2010] recently did this for the flow at Hood Canal by solving
the extended Taylor-Goldstein (eT-G) equation [Pratt et al., 2000], which takes the
cross-sectional topography into consideration but assumes that the vertically-varying
velocity and density is uniform in the cross-channel direction. This approach would
be more problematic at the Panay Sill where rotationally-induced, cross-channel gradients are stronger than for Hood Canal. A proper analysis involves computation of
modes that are two-dimensional, something that has never been done in this context.
A second problem is that the overflow is confined to a small segment at the bottom
of the water column, and that that significant variations in horizontal velocity and
in N exist higher up. We attempted to calculate the one-dimensional modes of the
eT-G equation based on a single profile of U and N from the Panay Sill, but found a
large number of modes with very complicated vertical structures. We had a difficult
time sorting these out and determining which were real (and not just representations
of the continuous spectrum) and which were relevant to the overflow. The issues of
interpretation became sufficiently complex that we attempted to simplify the upper
water column by replacing the actual U and N with U = 0 and N = constant. Of
course, this is very close to the idealized model described in the manuscript, one that
can be solved analytically. Given the scope of the present paper, we have opted for a
simpler and more straightforward analytical approach.
The editor has also asked us to comment on the possibility that radiating waves
might influence the fluid aloft, were the idealized background state (Fig. 2.13) forced
from below by a sill or obstacle. The question is whether radiation could alter the
region of uniform shear and N above the obstacle and thereby change the long-
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wave structure. This process is certainly possible and can be seen in the atmosphere
over mountain ranges, but the main alteration of the flow occurs downstream of
the topographic crests. However the uniform state we have chosen is based on the
observed structure of the flow above the sill, and we are simply asking what the long
wave modes of this flow are. These are the modes relevant for hydraulic control.
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Appendix B: Calculation of turbulent dissipation rates from Thorpe length scales

The Thorpe length scale, LT , is defined as the root mean square of the vertical
displacements, d, required to resort the profile into a stable configuration:
1/2
LT = d¯2 .

(2.15)

LT is calculated for each overturn in the profile using a procedure described below.
An additional length scale that is relevant in turbulent water is the Ozmidov scale,
LO ,
LO = 1/2 N −3/2

(2.16)

where  is the dissipation rate of turbulent kinetic energy and N is the Brunt-Väisälä
frequency. LO relates the scale of the largest eddies possible in a water column with a
stable background stratification. This is valid when the scale of the turbulent motions
is large enough that viscosity is very small and energy dissipation and stratification
are the only relevant dimensional quantities [Thorpe, 2005]. Setting l = LO /LT we
obtain the dissipation,  as a function of LT :
 = l2 L2T N 3 .

(2.17)

The linear relationship between LO and LT has been shown to be valid in a range
of environments [Dillon, 1982, Wesson and Gregg, 1994, Moum, 1996, Ferron et al.,
1998], with l estimated between 0.65 and 0.95. Here we use l = 0.80 from Dillon
[1982], whose results were shown to hold under a range of different oceanic mixing
conditions.
To determine the spatial distribution of turbulence in the Panay Sill overflow, we
first identified all the overturns in Panay Sill CTD profiles. The down-cast profiles
were processed to 1 db resolution. Potential temperature data were used to identify
the overturns because temperature is the dominant determinant of density at the sill.
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Additionally, the temperature sensor used has a lower noise level than the conductivity sensor. However, results obtained using σθ to identify overturns were very similar.
Based on visual inspection of temperature profiles in the deep Sulu Sea where stratification is very weak, we find the noise level for the temperature sensor to be 5 × 10−4◦
C. The noise level was consistent across all three cruises. The noise level must be
accounted for in the overturn identification procedure to avoid introducing spurious
overturns and upward biasing the dissipation rate estimates. We use the procedure
developed by Thorpe [1977] of rejecting any overturn where the sorted profile differs from the original profile by less than the noise level. Other schemes have been
developed, though this method has been shown to be reliable [Ferron et al., 1998,
Thurnherr et al., 2002].
Our procedure to locate overturns begins by calculating the Thorpe displacements
di , the difference of the sorted depth of each sample from the original depth. We then
searched from the surface to the bottom for nonzero values of di , which indicated
the beginning of an overturn. When the cumulative sum of the displacements in
P
an overturn, i di , equaled 0 the overturn was considered complete. Each overturn
was then checked for rejection based on the noise level. The Thorpe scale LT and 
were calculated for the true overturns using Eqs. (2.15) and (2.17), taking N as the
stratification of the sorted profiles, and therefore always real. On the downstream
side of the sill, LT scales up to 38 m were observed within the overflow.
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Table 2.1: Mean overflow volume flux and standard deviation across Panay Sill during
the three cruises, derived from integrated ADCP velocity observations.
Mean (Sv)

Std. Dev. (Sv)

Full

0.32

0.13

June 2007

0.24

0.08

Jan 2008

0.32

0.09

Mar 2009

0.35

0.07

Table 2.2: Hydraulic control results for each CTD station at the sill mooring site. g 0
is reduced gravity, r is a measure of dynamic width, h0 is the overflow thickness at
the center of the sill, and Q is the calculated volume flux over the sill.
g0

Date

Station

r

h0 (m) Q (Sv)

Jun 8, 2007

8

0.0022 0.17

112

0.42

Jun 9, 2007

12

0.0015 0.25

88

0.21

Jun 25, 2007

102

0.0028 0.13

74

0.21

Jun 27, 2007

109

0.0025 0.15

115

0.47

Jun 27, 2007

112

0.0023 0.16

94

0.31

Jun 27, 2007

115

0.0022 0.17

84

0.23

Jan 23, 2008

110

0.0018 0.20

106

0.34

Mar 15, 2009

91

0.0015 0.24

120

0.40
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Figure 2.1: Map of the study region. Large map bathymetry is from Smith and
Sandwell [1997], v12.1, 1’ resolution. Inset bathymetry is multibeam data collected
during sampling in 2008 and 2009. CTD/LADCP station colors identify South China
Sea (red), Panay Sill (blue), and Sulu Sea (green) stations and the yellow star is the
mooring location. Inset dashed line identifies stations used in channel cross sections
in Figure 2.8. Inset solid line connects along-channel control volume stations.
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Figure 2.2: Representative station at the mooring site at Panay Sill. Flow is to the
southeast. This is Station 8, 2007, with a bottom depth of 581 m.
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Figure 2.3: Velocity magnitude profiles from LADCP data at all occupied sill region
stations during 2007, 2008, and 2009. Flow is southward, to the right. ‘M’ indicates
ADCP mooring site.
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Figure 2.4: Potential density, σθ , section across sill. Stations were occupied during
the 2008 channel transect. Isopycnals near the interface slope downwards across the
sill. The σθ = 26.427 and 26.443 kg m−3 isopycnals show a rebound immediately
downstream of the sill, characteristic of a hydraulic jump. The red contour marks
the σθ = 26.42 kg m−3 isopycnal at the overflow interface. Each circle represents one
identified overturn, the area of the circles are proportional to the calculated turbulent
dissipation rate, . Estimates of  for individual overturns are associated with large
uncertainty, though evidence of bottom-intensified mixing is clear.
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Figure 2.5: T/S diagram showing South China Sea stations in red, Panay Sill stations
in blue, and Sulu Sea stations in green. See Figure 2.1 for corresponding station
locations. Red isopycnals identify the upper and lower bounds of the Panay Sill
overflow water. Flow of water is from the South China Sea, over Panay Sill, and into
the Sulu Sea. Water modification at the sill results in the loss of the coolest, freshest
water due to diapycnal mixing.

contour interval is uneven in panels (a) and (b).

minima. Station numbers correspond to map in panel (c), where contours at 500 m and 2000 m are drawn. Note: the

poorly-oxygenated water which must derive from a second ventilation source. Black dots in (a) indicate local salinity

Low-salinity, oxygenated water from Panay Sill reaches depths of approximately 1250 m, settling above high-salinity,

Figure 2.6: Salinity (a), and dissolved oxygen (b), cross sections between Panay Sill and the central Sulu Sea, 2009.
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Figure 2.7: Moored ADCP time series during June 2007 (a), January 2008 (b), and
March 2009 (c). Velocity is positive in the downstream along channel direction.
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downstream in the along channel direction. The x-axis is oriented such that the overflow is into the paper, with Panay

Figure 2.8: CTD/LADCP sections across Panay Sill, 2008, of potential density (a), σθ , and velocity (b), u, positive
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Figure 2.9: The ADCP mooring time series and its leading empirical orthogonal
function and principal component. EOF1 contains 89.6% of the total variance.
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Figure 2.10: Sketch of the parabolic sill geometry. The along-sill direction is taken as
x and the along-channel direction (into the paper, not shown), is y. This cross section
is located at the along-channel depth minimum, thus the coordinate system origin
is a saddle point. The dotted line marks the interface between the overflow and the
quiescent overlying water, which intersects the seafloor at x = −a and x = b. The
thickness of the overflow layer is h(x). As noted in the text, h0 ≡ h(x = 0, y = 0), at
the saddle point.
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Figure 2.11: Evolution across the sill of the Froude number, Fr, blue, and mean rate of
loss of turbulent kinetic energy, , within the overflow, red. Dissipation rate  values
are midpoints between upper and lower bounds, as described in the text. Symbols
indicate estimates at individual stations, lines connect averages where repeat stations
are available. Flow is to the right. ‘M’ indicates ADCP mooring site.
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Figure 2.12: Gradient Richardson numbers, calculated using a 10 dbar length scale,
of all stations at the sill mooring site. Below approximately 400 dbar we find Ri < 14 ,
indicating potential for shear instabilities.
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Figure 2.13: Idealization of a homogeneous bottom layer overlain by an interface and,
above it, a layer with constant stratification N > 0.
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Chapter 3
Dual overflows into the deep Sulu
Sea
Published as: Gordon, A. L., Z. D. Tessler, and C. Villanoy (2011), Dual overflows
into the deep Sulu Sea, Geophysical Research Letters, 38, L18606, doi:10.1029/2011GL048878.
Abstract The Sulu Sea, isolated from the neighboring ocean below 570 m, is nearly
isothermal below 1250 m but with a marked salinity increase with depth. The source
of the deep Sulu Sea water has been attributed to South China Sea water overflowing
the 570 m topographic sill of Panay Strait. However, the Panay overflow (estimated as
0.32 × 106 m3 s−1 ) is an unlikely source for the saltier water Sulu Sea deep water. We
propose that deep Sulu Sea ventilation is derived from the south, from the Sulawesi
Sea through Sibutu Passage. Sulawesi Sea water between 245 to 527 m, is mixed
and heaved over the Sibutu Passage 234 m sill by the energetic tidal environment.
Oxygen concentrations within the deep Sulu Sea suggest that the Sulawesi overflow is
0.15 × 106 m3 s−1 , with a residence time of Sulu Sea deep water of 60 years. The deep
tropical Sulu Sea has the unique distinction of being ventilated from two separate
sources, whose ratio may fluctuate across a range of temporal scales, associated with
regional thermocline depth changes.
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Introduction

The relentless downward turbulent flux of buoyancy into deep ocean basins requires,
for a quasi steady state condition, the replenishment of relatively dense deep water
trapped within the confines of an isolated deep basin. In the archipelago stretching
from Australia to southeast Asia, there are many isolated deep basins, each filled with
different deep water depending on the mixing environment within the deepest passages
linking the basin to the surrounding ocean stratification. The Sulu Sea (Figure 3.1)
has been the focus of much attention in terms of its ventilation [Quadfasel et al., 1990,
Tessler et al., 2010]; biogeochemistry, biodiversity and geochemistry [Chen et al., 2006,
Nishida and Gamo, 2007]; and paleoclimate studies [Linsley, 1996, Rosenthal, 2003].
The source of deep Sulu Sea ventilation is generally considered to be South China
Sea water entering the Sulu Sea through the Mindoro and Panay Straits [Broecker
et al., 1986]. Recognizing that South China Sea overflow is not sufficiently dense to
descend to the Sulu Sea floor, it has been suggested that the density is boosted by
substantial addition of suspended sediment [Quadfasel et al., 1990]. The Sulu Sea
sedimentary record reveals the effect of episodic turbidity currents, possibly triggered
by thermocline uplift in the South China Sea due to the passage of strong typhoons
at intervals of several decades (on average 50 years), which may have enabled South
China Sea water to ventilate the deep Sulu Sea [Quadfasel et al., 1990]. Turbidity
currents are effective ways to deliver shelf and slope sediments into the deep ocean,
though their role in boosting the density of the descending fluid is not well established
[Meiburg and Kneller, 2010]. It has also been suggested that during El Niño, when
the South China Sea thermocline is uplifted, denser water can enter the Sulu via
Mindoro Strait and so descend to greater depths [Gamo et al., 2007], but as shown
below the extent of the required uplift is not realistic.
The PhilEx program [Gordon et al., 2011a] provides new information about deep
Sulu Sea ventilation. The South China Sea links to the Sulu Sea are the channel
composed of the Mindoro Strait (sill 440 m) and Panay Strait (sill 570 m), and the
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Balabac Strait (sill 132 m; Fig. 3.1). PhilEx stratification and currents observations
at the Panay Strait sill at 11.3◦ N and 121.9◦ E between June 2007 and March 2009
reveal a strong overflow into the Sulu Sea between 400 m to 570 m depth, derived
from approximately 400 m within the South China Sea [Tessler et al., 2010]. Sulu Sea
stratification indicates that the overflow does not descend below 1250 m in the Sulu
Sea, but rather settles above higher salinity deep water [Tessler et al., 2010]. The
mean observed overflow transport at the sill is 0.32 Sv (Sverdrup, Sv = 106 m3 s−1 )
with a standard deviation 0.13 Sv, leading to an 11 years residence time in the 570 to
1250 m Sulu layer. As the Panay overflow estimate is based on a single ADCP mooring
with extrapolation to the sidewalls using ship based ADCP data, with there is a fair
amount of uncertainty, estimated as 50% if not greater (see Tessler et al. [2010] for
cross channel extrapolation methods and error estimates). Lermusiaux et al. [2011]
using the MIT Multidisciplinary Simulation, Estimation, and Assimilation System
(MSEAS) model finds a Panay sill overflow of 0.68 Sv, twice that determined by
Tessler et al. [2010], with a 50% uncertainty. The exact value for Panay overflow
would naturally affect the residence time of the Sulu Sea 570-1250 m layer. In this
study we offer a hypothesis for the source of the saline water within the Sulu Sea
below 1250 m, the limit of the Panay overflow ventilation.

3.2

Sulu Sea Deep Water Stratification

The deep Sulu Sea potential temperature (θ◦ C) is nearly isothermal with a weak
minimum observed near 2800 m (Fig. 3.2). The minimum is more discernible in the
PhilEx data in the southern Sulu Sea (Fig. 3.1), dropping slightly below 9.890◦ C. The
potential temperature increases to 9.893◦ C towards the sea floor. At 1000 m there
is a broad salinity minimum of 34.45, below which the salinity increases to 34.47 at
the temperature minimum, increasing to 34.474 at the sea floor (Fig. 3.2a). The θ/S
scatter (Fig. 3.2b) shows that salinity in the deep Sulu Sea below ∼ 1250 m extends
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well above the salinity at the Panay sill within the 9◦ to 10◦ C layer.
The dissolved oxygen concentration (Fig. 3.2a) decreases from 1.4 ml l−1 at the
salinity minimum to 0.92 ml l−1 at the potential temperature minimum, below which
it remains within the 0.85 to 0.90 ml l−1 range with slightly higher oxygen values (also
slightly cooler water) below the temperature minimum in the southern Sulu Sea. The
Panay Strait overflow oxygen concentration range from 1.7 to 2.0 ml l−1 , about 0.4
ml l−1 above the Sulu Sea layer ventilated by the Panay overflow. Using the 11-year
residence time [Tessler et al. 2010] the oxygen consumption rate in the 570 to 1250 m
depth range is 0.035 ml l−1 yr−1 , about 1.6 times that of the > 3000 m deep water of
the Sulu Sea [Gamo et al., 2007, if the Panay overflow is twice that found by Tessler
et al. [2010], as implied by the MSEAS model, Lermusiaux et al. [2011], the 570-1250
m residence time is halved and the oxygen consumption rate doubles to 0.070 ml l−1
yr−1 ]. Decreased oxygen consumption with depth is expected as the ‘rain’ of organic
material is depleted with increasing depth.

3.3

Sulu Sea Bottom Water Source

A single, steady overflow source of South China Sea water over the Panay Strait sill
would induce a homogeneous volume within the sub-sill Sulu Sea. The Panay overflow
reaches only to 1250 m within the Sulu Sea [Tessler et al., 2010], below which the
Sulu Sea salinity is too high to be derived from the South China Sea. To match
the Sulu Sea bottom salinity the Panay Strait overflow would have be derived from
the 12◦ C horizon of the South China Sea, well above the deep Sulu Sea potential
temperature of 9.9◦ C. The 6◦ C isotherm within the South China Sea has sufficiently
high salinity to provide the Sulu Sea bottom water, but it’s too cold to explain the
Sulu deep water, and its depth within the South China Sea is 800 m, 360 m below
the 440 m Mindoro sill depth [Tessler et al., 2010]. As the South China Sea near
the Mindoro Strait portal displays weak tides, as shown by models that assimilate
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Topex/Poseidon altimetry data [Zu et al., 2008] this possibility is not tenable. The
lack of strong tides also precludes the likelihood that the Sulu Sea bottom water θ/S
values can be derived by blending a rather thick water column layer (208 and 830 m)
of South China Sea water at the northern end of Mindoro Strait (Fig. 3.3a). The
narrow and shallow (132 m sill) Balabac Strait pathway (Fig. 3.1) blocks access of
the required South China Sea water into the deep Sulu Sea. The PhilEx CTD data
obtained in the small basin between the Mindoro and Panay sills do not reveal the
required thermohaline characteristics to provide the observed Sulu Sea bottom water.
We therefore infer that the bottom water of the Sulu Sea is not derived from the
South China Sea.
A more plausible hypothesis for producing the Sulu bottom water is that it is
derived from the Sulawesi Sea (Fig. 3.3b) via Sibutu Passage, the deepest access of
Sulawesi Sea water to the Sulu Sea. The Sibutu Passage sill is 234 m near the northern
edge of the strait, 274 m at the southern sill, with an intervening basin of 500 m [Fig.
3.1, Smith and Sandwell, 1997]. The Sibutu Passage separates very different tidal
regimes of the Sulu Sea from the Sulawesi Sea [Apel et al., 1985]. Differences in
amplitude and phase causes strong oscillatory tidal currents across Pearl Bank (the
region immediately east of the 234 m sill shown on insert c of Fig. 3.1), leading to
flow of warm water into the Sulu Sea from the south, which depresses the depth of the
thermocline. This trough propagates northward as a series of waves called Solitons
into the Sulu Sea. Section 2.06, the Sibutu Passage entry in the Sailing Directions for
Southeast Asia [Defense Mapping Agency, 1993] reads: “Overfalls, 150 miles long and
between 3/4 to 1 mile wide, may be encountered in the Sulu Sea during spring tides.
Breaking waves of up to 3 m have been reported in the overfalls. The overfalls appear
to be generated by tidal action in Sibutu Passage, where the tides at each end of the
passage are about 4 hours out of phase, resulting in a series of waves being formed, 6
miles from crest to crest, moving NNW across the Sulu Sea towards Palawan.”
Potential temperature and salinity data from CTD sensors attached to an ROV

CHAPTER 3. DUAL OVERFLOWS

52

during the October 2007 Inner Space Speciation Expedition (http://oceanexplorer.
noaa.gov/explorations/07philippines) in the northern Sulawesi Sea, close to the
southern entrance to the Sibutu Passage, indicate that blending the Sulawesi Sea
water of a less than 300 m slab (from 245 to 527 m; Fig. 3.3b) produces the observed
Sulu Sea bottom water θ/S characteristics. The lack ROV oxygen data, prohibits the
use of those to estimate residence time within the deep Sulu Sea. The archival T/S
data in the Sulawesi Sea are sparse and of poor quality. However, the Arlindo 1993
and 1994 CTD stations obtained in the southern Sulawesi Sea [Ilahude and Gordon,
1996, which match closely with the ROV profiles near Sibutu Passage, Fig. 3.3b] have
oxygen data. The Arlindo data oxygen concentration within the Sulawesi 245 to 527
m depth slab is 2.28 ml l−1 . As the bottom oxygen in the Sulu Sea is 0.85 ml l−1 ,
using the oxygen consumption rate of 0.022 ml l−1 yr−1 [0.97 µMol.kg-year; Gamo
et al., 2007] indicates a residence time in the deep Sulu Sea of 60 years.
The volume of the Sulu Sea below 1250 m is 3.2 × 1014 m3 . With the 60 year
residence time the Sulawesi Sea overflow into the deep Sulu Sea via Sibutu Passage
is estimated as 0.15 Sv. The Sibutu Passage overflow added to the 0.32 Sv Panay
overflow [Tessler et al., 2010] indicates a total ventilation into the sub-sill Sulu Sea of
0.5 Sv.
The MSEAS simulation [Lermusiaux et al., 2011, Haley and Lermusiaux, 2010]
to the Philippine seas for the February-March 2009 period provides model support
for the Sibutu Passage source of bottom Sulu Sea ventilation. The Sibutu Passage
simulation portrays strong tidal velocities, with periods of overflow into the deep Sulu
Sea modulated by fortnightly tide. They find that the Panay Strait overflow provides
salinities around 34.47 to 34.52 while Sibutu Passage overflow is slightly saltier, 34.5
to 34.55. The modeled Sulawesi Sea below 700 m upwells to 200 m to mix within the
Sibutu Passage before entering the Sulu Sea [Lermusiaux et al., 2011]. The tidally
active shallow Balabac Strait is not portrayed in the model as a ventilation source of
the deep Sulu Sea [Lermusiaux et al., 2011].
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Discussion and Conclusions

Mindoro Strait, which provides access of South China Sea to the Panay Strait and
Sulu Sea, is not as tidally active as the Sibutu Passage region [Zu et al., 2008].
Additionally, none of the PhilEx cruises observed water cold and salty enough within
the Mindoro and Panay Straits to deliver the required θ/S properties to the deep Sulu
Sea.
We propose that the Sibutu Passage overflow is achieved in ‘surges’ of subsill
water from the Sulawesi side of the Sulu archipelago lifted to sill depths by tides.
This water mixes with shallower water within Sibutu Passage. The Sibutu Passage,
albeit shallower than the Panay Strait sill, is able to deliver a denser inflow due to
strong tidal uplift of the pycnocline. This effect would be greatest during spring tide.
The Sulawesi source most commonly spreads across the Sulu Sea near 2500-3000 m
depth, inducing a θ-min at that depth (which is more pronounced in the southern
Sulu Sea), below which the θ increases to the sea floor, but is stabilized by increased
salinity with depth, so it seems not to be a product of geothermal heating (which
would not cause the increasing salinity with depth), but rather the nature of the deep
ventilation (Fig. 3.4).
The Sulawesi Sea thermocline stratification is stronger than that of the South
China Sea. Whereas the 21◦ C isotherm is about 120 m in both the South China and
Sulawesi Seas, the 10◦ C isotherm is at 325 m in the Sulawesi and 420 m in the South
China Sea (Fig. 3.3a,b). This enables tidal uplift in the Sulawesi Sea to be more
effective in injecting dense water into the Sibutu Passage.
The deep Sulu Sea is ventilated from two sources, the Panay Strait and the Sibutu
Strait (Fig. 3.4). The northern source allows South China Sea water to ventilate the
Sulu Sea from 570 m to 1250 m, and the southern source allows Sulawesi Sea to enter
and descend to the 2800 m θ-min and occasionally, during strong El Niño events when
the regional pycnocline is shallower and dense water more in reach of the topographic
sills, to the bottom of the Sulu Sea. The dual ventilation source of the Sulu Sea
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leads to a unique deep stratification: while the deep temperature is 9.9◦ C, once below
1250 m the salinity increases to the sea floor. It is hypothesized that the ratio of the
competing overflows into the deep Sulu Sea will change in their relative importance
with ENSO and longer periods that alter the Pacific thermocline configuration (do
the dual sources duel for dominance?). As Sulu Sea sediment cores have been used to
investigate the glacial/inter-glacial climate, assuming a single ventilation source from
the South China Sea, perhaps their interpretations need to be reconsidered.
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Figure 3.1: The Sulu Sea and passages to the South China Sea and Sulawesi Sea. The
symbols denote positions of temperature and salinity profiles used in the construction
of Figures 2 and 3: the green solid circles in the southern Sulawesi Sea are from the
Arlindo program 19931994 [Ilahude and Gordon, 1996]; the red solid circles are at the
southern entrance to the Sibutu Passage are from ROV CTD (Conductivity, Temperature, Depth) measurements during October 2007 Inner Space Speciation Expedition (http://oceanexplorer.noaa.gov/explorations/07philippines); the black
symbols are CTD were stations obtained during the PhilEx 200709 program [Gordon
et al., 2011a]; the stations in the southern Sulu Sea (black solid circles) were obtained
in March 2009. The insets show the passages leading into the Sulu Sea, with the sill
depths marked by the red X and depths [Smith and Sandwell, 1997].
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Figure 3.2: a) Deep Sulu potential temperature, salinity and oxygen profiles from
PhilEx data > 500 m within the Sulu Sea, shown on figure 3.1. The inset on the left
shows expanded potential temperature > 2000 m. b) Deep Sulu potential temperature
and salinity relationship (modified from Fig. 5 of Tessler et al. [2010]). The Sulu Sea
bottom water is 34.474. The depths marking the approximate temperature at the
Panay sill within Panay Strait is shown for the three regions: South China Sea (+),
Panay sill (open circles), and in the northern Sulu Sea (black boxes), Fig. 3.1.
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Figure 3.3: a) South China Sea potential temperature and salinity profiles for the
upper 850 m from PhilEx CTD stations at the northern entrance of Mindoro Strait
(Fig. 3.1). Blending the water column from 208 to 830 m, between the ‘a’ and ‘b’
indicators, matches Sulu bottom water θ/S (9.89◦ C; 34.47). b) Potential temperature
and salinity profiles for the upper 850 m at the southern entrance to the Sibutu Passage based on the ROV data (red dots shown in Fig. 3.1). Blending of water column
from 245 to 527m, between the ‘a’ and ‘b’ indicator, matches Sulu bottom water θ/S
(9.89◦ C; 34.47). The ROV salinity profiles (dashed line) have been smoothed by a
least-squares polynomial fit to remove outlier data point. The mean salinity profile
(solid black line), is used to determine the position of the ‘blended’ water column.
For comparison the Arlindo station (green dots on Fig. 3.1) salinity profile are shown
as gray lines.
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Figure 3.4: Schematic of the proposed Sulu dual ventilation environment, with the
source of the deeper ventilation derived from the Sulawesi Sea via Sibutu Passage and
the shallower ventilations drawn from the South China Sea via Panay Strait. The
11-year residence time for the 570-1250 m layer is based on Panay overflow of 0.32
Sv [Tessler et al., 2010]. As the uncertainty is likely to be ∼ 50%, with the overflow
value likely to be an underestimate, the residence time may be less than 11-years.
The residence time below 1250 m is based on the oxygen consumption rates given by
Gamo et al. [2007].
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Chapter 4
ENSO associated variability in the
Panay Sill Overflow
Abstract A two-year ADCP mooring deployment at the Panay Sill Overflow in the
Philippine Sea is analyzed in the context of a background La Niña state. Using an
objective analysis of historic subsurface temperatures upstream in the South China
Sea as a proxy for benthic temperature at the sill and a hydraulic control model,
we reconstructed a long-term Panay Sill overflow time-series. This reconstruction
does not contain statistically significant power at ENSO-related periods, though the
relationship with the Niño 4 index appears to improve after the mid 1990s, with overflow enhanced during El Niño events by approximately 10% relative to the long-term
mean. Earlier historical data at mid-depths in the South China Sea does not appear
to correlate with ENSO, though a record higher in the water column does, where data
coverage is presumable better, suggesting improving data coverage over time may explain the apparent emergence of a correlation in the 1990s. From the correlation since
the mid 1990s, ENSO can explain approximately one third of the observed transport
variability. The remainder is likely dominated by seasonal variability.
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Introduction

Through a coordinated series of research cruises, mooring deployments, and model
development and experiments, the Philippine Straits Dynamics Experiment (PhilEx)
aimed to improve our understanding of how the many parts of this geophysical system interact [Gordon et al., 2011a]. Given that communication between the basins
that comprise the Philippine Archipelago, and with the external oceans, occurs over
shallow sills and through narrow channels, the dynamics at these constrictions exert
disproportionate control over larger scale oceanographic features.
The data collection period of PhilEx began in 2007 and continued through 2009.
Much of the work focused on interactions between the Sulu Sea, the largest internal
Philippine basin, and the much larger South China Sea to the north and west of the
Philippines. Two moorings were deployed in the Mindoro Strait, between the South
China Sea and the Sulu Sea, to study variability on a range of scales from tidal to
seasonal.
Interestingly, a natural experiment presented itself in the form of La Niña conditions in late 2007 and early 2008. Earlier and later portions of the observational
period consisted of a neutral El Niño/Southern Oscillation (ENSO) state. This raises
the question of how representative the data collected during the observational campaign are of the mean state. Should we expect an ENSO signal in the observed low
frequency variability?
Evidence from the South China Sea and regional modeling studies suggest that
ENSO is indeed regionally important. Early work by Wyrtki [1961] pointed to the
role of Pacific water transport through the Luzon Strait in setting conditions in the
South China Sea. Modeling work has shown the strength of this transport is likely
related to ENSO cycles, with stronger and cooler transport during El Niño [Qu et al.,
2004]. Similar results were found by Wang et al. [2006] using regional wind data and
the Island Rule. The cooling of the upper South China Sea with El Niño has been
observed in satellite data as well [Swapna et al., 2009], though reduced cloud cover
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results in increased sea surface temperatures lagging El Niño by approximately 3 to
6 months [Klein et al., 1999].
Given evidence of increased Luzon Strait Transport into the South China Sea during El Niño, this suggests that outflow should be similarly enhanced. Indeed, satellite
sea surface height data has been used by Qu and Song [2009] in finding the Mindoro
Strait transport is strongly seasonal, though the relationship with ENSO state was
less clear. Seasonal variability in Mindoro transport [Liu et al., 2011, Hurlburt et al.,
2011] and the coupling between transport through Luzon Strait and Mindoro Strait
at intermediate depths [Yaremchuk et al., 2009] has been found in regional and global
modeling studies, with a significant portion of the seasonal variability in Mindoro
Strait surface currents found to be generated remotely [Han et al., 2009].
However, as pointed out by Metzger and Hurlburt [2001], accurate modeling in
this region is difficult due to the complex bathymetry and importance of features with
small spatial scales. The in situ observational data collected during PhilEx, and the
auspicious La Niña in late 2007 and early 2008, provide an opportunity to directly
examine the hypothesized role of ENSO in Mindoro Strait transport.
The benthic transport through this strait has been shown to be hydraulically
controlled at Panay Sill, in the southern portion of the strait [Tessler et al., 2010]. Here
we investigate the potential impacts that ENSO state had on the benthic overflow and
attempt to provide additional context for the observations made during the PhilEx
deployment. Additionally, as intermediate depths of the Sulu Sea are ventilated by
the Panay Overflow, we suggest possible downstream implications.

4.2

Data

We investigate the potential long-term variability of the deep overflow at Panay, beginning with data from a roughly two year long mooring array deployment. Acoustic
Doppler Current Profiler (ADCP) moorings were deployed at two locations: in the
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northern Mindoro Strait and at Panay Sill (Figure 4.1). The Panay moorings consisted of an uplooking ADCP approximately 10 m above the seafloor. The Mindoro
mooring consisted of an uplooking ADCP approximately 10 m above the seafloor and
a pair of uplooking and downlooking ADCP at approximately 150 and 151 m, respectively. All moorings included integrated temperature sensors. The Panay mooring
was initially deployed on 7 June 2007, on the first PhilEx cruise, later recovered and
redeployed on 5 December 2007. The Mindoro mooring was first deployed during this
second cruise on 21 December 2007. The final recovery for the Panay and Mindoro
moorings occurred on 16 March and 19 March 2009, respectively.
The relatively short time series of direct flow observations at Mindoro and Panay
is augmented by the EN3 subsurface potential temperature objective analysis dataset
prepared by the UK Met Office Hadley Centre [Ingleby and Huddleston, 2007]. A
set of quality-control and Bayesian probability algorithms are used to produce a one
degree gridded model-free data set on 42 depth levels from archived from historical
hydrographic data between 1954 and early 2011.
Additionally, we make use of the temperature field from a 1/12◦ global ocean
simulation by the HYbrid Coordinate Ocean Model [HYCOM; Bleck, 2002]. This
model has been shown to reproduce the flow through Mindoro Strait reasonably well,
both in structure and variability [Hurlburt et al., 2011].

4.3

Direct Observations

The benthic overflow layer at Panay Sill, extending approximately 100 m off the sea
floor, transports approximately 1/3 Sv (Sv= 106 m3 s−1 ) into the Sulu Sea. This
layer is marked by a rapid change in water characteristics across a small interface.
Within the overflow, the mean potential temperature across eight stations taken at
the location of the Panay mooring in 2007, 2008, and 2009 is 9.67◦ C (σ = 0.13◦ C)
and the mean salinity is 34.443 (σ = 0.003). This water is cooler and fresher than the
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overlying layer; stable stratification is controlled by the temperature gradient (Figure
4.2).
High frequency variability is dominated by the diurnal tide. With the exception
of a few short periods of flow reversal, transport is positive downstream during both
flood and ebb tide. These short periods of flow reversal are thought to be related to
downwelling Kelvin waves [Sprintall et al., 2011, in review].
The direction of the benthic overflow is channeled by the strait sidewalls to a
heading of 140◦ relative to true north. This is the flow direction at the depth of
greatest mean flow, taken as the dominant direction of the benthic layer as a whole.
Mooring data was rotated into along-channel and across-channel directions. High
frequency variability was removed using a four-month Hanning filter, subsampled
monthly. The benthic layer is defined as the bottom 100 m of the water column,
approximately the mean depth of the observed density interface at the sill [Tessler
et al., 2010]. Though the time series is short, the low frequency mean benthic layer
along-channel velocity record appears to vary approximately in phase with the Niño
4 index, while the filtered temperature record varies in the inverse direction (Figure
4.3). This is consistent with the findings that the Panay Sill overflow is hydraulically
controlled [Tessler et al., 2010]; as the temperature of the overflow rises, the density
gradient relative to the overlying water is reduced and the benthic overflow velocity
and transport decrease. It is important to note that given the length of the time series,
we cannot remove the seasonal cycle from this data, which is expected to weaken flow
during the spring [Qu and Song, 2009], as observed. The separation of the seasonal
and potential interannual effects requires a longer time series.
Upstream toward the South China Sea, similar temperature and flow conditions
were observed at the Mindoro mooring. Filtered and monthly subsampled data are
shown in Figure 4.4. Daily mean benthic temperatures at the two moorings have a
maximum correlation coefficient of 0.63 with the Mindoro temperature leading the
Panay temperature by 12 days.
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Transport reconstruction

For analysis of overflow variability on the interannual and decadal time scales of
ENSO cycles, our goal is to reconstruct a longer transport time series using historical
hydrographic data in the South China Sea, taking advantage of the flow pathway from
the South China Sea, through Mindoro Strait, and over Panay Sill. We first examine
the relationship between benthic temperature and transport using the mooring record
at Panay Sill.

4.4.1

Benthic Temperature Analysis

As described in Tessler et al. [2010], a direct estimate of overflow transport, Qobs is
calculated using ADCP observations by assuming a horizontal structure and width of
the overflow, informed by a transect of lowered ADCP measures across the channel.
The ADCP mooring time-series is linearly extrapolated to the channel sidewalls and
integrated vertically from the seafloor to the upper boundary of the overflow, taken
as a constant 408 m.
The relationship between the monthly subsampled observed benthic temperature,
T , and observed transport, Qobs at Panay is shown in Figure 4.5. The first and last
two months have been removed to avoid edge effects resulting from the subsampling
procedure. A least-squares linear regression gives an estimated best fit
Q̂obs = (−0.24 ± 0.18)T + (2.68 ± 1.75)

(4.1)

with errors reported as 95% confidence limits. The linear relationship between these
variables is statistically significant at this level, with p = 0.012. The correlation
coefficient, r = −0.58, suggests that while there is likely a linear correlation between
the benthic temperature and the overflow transport, there are other variables that
also contribute to the variability of the overflow on monthly time scales.
Additional insight into the sources of variability of the overflow can be obtained
using a theoretical hydraulic control model describing the relationship between the
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vertical density structure and the overflow transport. We use a 1.5-layer model to
estimate the transport, Qhc , as
g 0 (1 − γ)(1 + γ)3 2
h0 ,
3rf (1 + 2r )γ 2
p
6/r − 1
,
γ=p
6/r + 1

Qhc =

(4.2)

where g 0 is the reduced gravity across the interface, α is the curvature of the channel
at the sill, f is the Coriolis parameter evaluated at the sill’s latitude of 11.3◦ N,
and r = f 2 /g 0 α is a non-dimension measure of the sill’s width relative to the local
Rossby radius of deformation. The thickness of the overflow layer, h0 , is the distance
between the seafloor and the overflow interface, measured at the sill’s bathymetric
saddle point. This model, based on a zero potential vorticity model in a parabolic
channel developed by Borenas and Lundberg [1986, 1988], is discussed further in
Tessler et al. [2010], and shown to work well in the context of full knowledge of the
vertical density structure of the water column.
The reduced gravity across the interface is a function of the density of the benthic
and overlying layers. Due to the lack of temperature time series measurements outside
of the benthic layer during the mooring deployment, we are unable to characterize
the temperature variability elsewhere in the water column. For the reconstruction we
therefore assume the overlying layer has a constant density.
We also assume a constant salinity for the underlying layer to enable calculation
of density from a temperature time series alone. This assumption is justified by
CTD stations at the sill which show the density variability of the overflow layer is
dominated by temperature variability. The thickness of the overflow, h0 , is assumed
constant and estimated in a similar manner. While ADCP estimates of the overflow
thickness show it to be correlated with benthic velocity on daily time scales (r = 0.64
at lag 0), there is little variability in h0 on monthly time scales and thus we would not
expect h0 to significantly affect the monthly transport estimate variability. However,
this justification is based on an ADCP derived estimate of h0 , while the dynamically
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relevant measure of overflow thickness is defined by the vertical density structure, for
which we do not have a time series record. Individual station profiles suggest that
the density interface is roughly coincident with the overflow inflection point (Figure
4.2).
The overlying potential density σθ,1 , underlying salinity, S2 , and overflow thickness
h0 are taken as the mean values observed during the PhilEx cruises in June 2007,
January 2008, and March 2009. As multiple stations were occupied at the sill during
the PhilEx Exploratory Cruise in 2007, we first construct a “cruise average” for the
June 2007 data to avoid overweighting that time period. These mean parameters are
shown in Table 4.1.
Given the above assumptions, the estimated overflow transport, Qhc , becomes a
function of benthic temperature. We can validate the assumptions by comparing
this transport estimate as a function of observed benthic temperature at Panay Sill
with the ADCP derived transport estimate. We find the mean transport, Qhc = 0.31
Sv, is consistent with the integrated ADCP estimates, Qobs , and hydraulic control
estimates made using individual profiles of vertical density structure. While this is
not unexpected, it suggests the chosen constant parameters are internally consistent.
Additionally, we can make the assumption that Qhc is a linear function of benthic
temperature T . While this ignores a number of nonlinearities in the hydraulic control
model, including in the equation of state and reduced gravity, over this range of
benthic temperatures the deviation from linearity is small, with a Pearson correlation
coefficient of −0.9997. A least squares linear regression gives an estimated best fit
Q̂hc = (−0.11 ± 0.0013)T + (1.42 ± 0.013)

(4.3)

The time series of the hydraulic control transport estimate Qhc is shown in Figure
4.6 with the observed ADCP transport estimate, Qobs . The variability of the Qhc
estimate is clearly less than that of the Qobs estimate, both on daily and monthly time
scales. The standard deviation of the monthly Qobs is 0.052 Sv, while the standard
deviation of the monthly Qhc is only 0.014.
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The relatively low variability in the hydraulic control estimate suggests that the
variability in benthic temperature alone is insufficient to fully explain the observed
transport variability. A portion of this difference is due to the weaker temperature
response in the hydraulic control estimate than that observed in situ. For a one
degree decrease in benthic temperature, the hydraulic control model predicts a 0.11
Sv increase in temperature, though our observations suggest a temperature change of
this magnitude is associated with a transport increase of 0.24 ± 0.18 Sv. Therefore, in
this model, the observed benthic temperature variability is roughly half that required
to explain the observed transport variability. If we take as given that this hydraulic
control model accurately describes the sill overflow, this suggests that other variables
at the sill covary with benthic temperature in such a way as to amplify the transport
response. The most likely factor is the density of the overlying layer, though we
cannot exclude variability in h0 that is not associated with changes in the vertical
flow structure discussed above. This does not change the fact that roughly 2/3 of the
variability in Qobs is not correlated with benthic temperature.

4.5

South China Sea temperature variability

The transport reconstruction developed using benthic temperature and transport
measurements at Panay Sill during the mooring deployment can be extended to a
longer time series using upstream temperature measurements as a proxy for the temperature at Panay Sill. Using upstream South China Sea data avoids the challenges
presented by the small scale of Panay Sill. Strong horizontal and vertical temperature gradients are averaged out in gridded historical datasets, and small geographic
features make modeling results strongly dependent on accurate bathymetry [Hurlburt
et al., 2011]. Upstream conditions in the South China Sea are less sensitive to geographic location and are easier to model due to the larger scale, though we must
assume that flow pathways in the past are similar to those observed recently.
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The EN3 subsurface temperature objective analysis from the Met Office Hadley
Center contains data from 1954 through early 2011, while the global HYCOM model
experiment 18.2 was run from 2003 to 2009. Both datasets overlap with the mooring
deployment. Prior to roughly 1965, the EN3 analysis at the entrance to Mindoro
Strait is dominated by the underlying climatology, suggesting a lack of observational
data. For this reason, we restrict the EN3 dataset to the years since 1965. Using
the regression relationship in Eq. 4.1 we reconstruct transport time series for the
period from 1965-2010 using the EN3 temperature at 400 m as a proxy for benthic
temperature at Panay Sill. From CTD profiles of the northern Mindoro Strait and
Panay Sill, 400 m was determined as an approximate source depth of the overflow
water by mapping isopycnals upstream (Figure 4.7). We assume that this mapping,
using data from 2007-2009, is valid for other time periods as well. This mapping
is also used to calculate a transport estimate South China Sea temperature in the
HYCOM model.
Reconstructed transport time series during the period of the mooring deployment
are shown in Figure 4.8. All transport estimates show weakened flow between roughly
March and August of 2008. The ADCP derived estimate begins weakening somewhat
earlier, in late 2007, as expected due to differences in timing between the velocity
and temperature time series in Figure 4.3. The weak flow lags the Niño 4 index
by approximately 1 to 3 months. A decrease in the Niño 4 index between October
2008 and the end of the time series in March 2009 does not appear related with any
significant changes in flow across the estimates.
The lack of clear relationship between ENSO state and transport at the end of
the time series could possibly be related to a lagged response or some ENSO state
threshold below which the two variables are uncorrelated. To address this, we extend
the analysis to the full 1965-2010 time period of the EN3 objective analysis (Figure
4.9). Transport estimates derived from this dataset appear to track the Niño 4 index
well since about 1995. However, at earlier times there is little discernible relationship.
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Discussion

The relatively short observational record at Panay Sill makes it difficult to analyze
inter-annual and low-frequency intra-annual variability. A major challenge in this
dataset is to distinguish between the effects of ENSO, which have an effect on both
South China Sea surface and upper ocean temperatures [Wang et al., 2006, Rong et al.,
2007], and effects related to the seasonal cycle, in particular the Asian Monsoon [Han
et al., 2009, Gordon et al., 2011a]. By using the relationship between transport and
benthic temperature observed during the mooring deployment, we have attempted
to extend the transport record using an upstream temperature record as a proxy for
benthic temperature at the sill.
Upstream temperature variability at 400 m shows poor correlation with ENSO
for most of the 45 year EN3 record, however, the correlation appears to improve
around 1995, with El Niño (La Niña) conditions associated with increased (decreased)
transport. Discounting other sources of variability, the amplitude of this signal on
annual timescales is approximately 0.03 Sv, or about 10% of the mean transport.
In order to estimate the strength of a possible ENSO signal, we calculate the
power spectrum density of the EN3 transport signal (Figure 4.10a). Welch’s method
is used with a Tukey-Hanning window in order to smooth the spectrum and reduce
the variance of individual spectral estimates. Segment size was one third the length
of the full time series with 50% segment overlap. While dividing the time series into
more but shorter segments would further reduce the variance, it comes at the expense
of reduced spectral resolution. Un-segmented, the length of the time series from 1965
to 2010, and thus longest resolvable period, is 45.8 years. In this case we are most
interested in the interannual frequencies associated with ENSO, with periods roughly
between 3 and 8 years. Segments of one third the full time series allow estimation
of periods up to 15.25 years, adequate for ENSO time scales. Calculations with one
quarter size segments are consistent with what is presented here.
We calculate 95% confidence limits around an estimated background red noise
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spectrum in order to identify spectral peaks likely to be different from the background
noise. There does not appear to be a statistically significant amount of power at
ENSO-like periods between 3 and 8 years. The most prominent peak is seasonal
variability.
While there does not appear to be a significant amount of variability at ENSO
time scales in the EN3 time series, the Niño 4 index over the same time period shows
significant power in this band. This suggests that the EN3 times series is sufficiently
long for us to detect a strong ENSO signal, if one does in fact exist. The power
spectrum density of the subset of the time series that does appear correlated with
ENSO, from 1995 to 2010, shows greater power in the interannual range relative to
the seasonal band than in the full time series, but both the interannual and annual
peaks are below the estimated 95% confidence limits.
While there is no significant ENSO-related signal in the full time series, the increase in correlation since the mid 1990s presents the possibility that improvements in
data coverage in recent years has enabled the the objective analysis to better reflect
low amplitude signals that deviate from the base climatology. The objective analysis
algorithm relaxes to an annual climatology estimate in the absence of observational
data close in time and space [Ingleby and Huddleston, 2007]. A similar analysis
produced by a different research team has also documented the improvement in data
coverage in the late twentieth century, particularly at intermediate and deeper depths
[Ishii et al., 2003, 2005]. Our use of the data set is sensitive to changes in the amount
of local data available at any given time. The fallback to seasonal climatology is one
reason for the dominance of the seasonal peak in the EN3 power spectrum density.
If we assume the apparent ENSO signal since 1995 is real, what impact would
this have on changes in Panay overflow transport and downstream ventilation? As
discussed above, the transport reconstruction as a function of overflow temperature
is associated with significant uncertainty. The 95% prediction interval around the
linear regression is about 50% above and below the mean predicted transport. While
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it appears that El Niño is associated with approximately a 10% increase in transport
from the mean and La Niña approximately a 10% decrease from the mean, these
changes are much smaller than the uncertainty in the reconstruction itself due to
variability uncorrelated with benthic temperature.
Additionally, this potential 10% decrease in transport during La Niña relative to
the mean is smaller than the approximately 30% decrease in reconstructed transport
based on observed temperature at the sill, Q̂obs , between the approximately neutral
ENSO state in the summer of 2007 and the La Niña state in the spring of 2008.
Simply attributing one third of this change to La Niña leaves the larger two third
portion of the decrease likely attributable to seasonal variability and noise.
ENSO related changes in the mean predicted transport would result in small
changes to how the Panay Sill overflow ventilates intermediate depths in the Sulu
Sea. As described by Tessler et al. [2010], the overflow water experiences intense
mixing as it travels from Panay Sill to the Sulu Sea. It eventually finds neutral
density between the depths of 575 and 1250 dbar, with the plume center near 1000
dbar. The temperature and salinity at the bottom of the plume are similar to the
resulting temperature and salinity obtained from a mixture of overflow water between
approximately 460 dbar and the sill bottom. While it is likely that temperature and
density changes in the overflow would affect the neutral density depth, quantitative
estimates of that change are difficult to make due to the dependence on the full
temperature and salinity structure in the overflow, as well as possible changes in the
strength of mixing and mixing efficiency.
Changes in residence time are more straightforward, assuming the volume of water
ventilated is approximately constant. During El Niño, an increase in transport of 10%
would result in a residence time of water in the slab between 575 and 1250 dbar of
10 years, while during La Niñ a transport decrease of 10% would raise the residence
time to approximately 12 years. However, as the ENSO time scale is less than these
residence times, there is not likely to be a long term effect. The increased transport

CHAPTER 4. ENSO VARIABILITY AT PANAY

72

during El Niño may result in the mid-depth Sulu Sea water composition being biased
toward El Niño conditions, thus cooler than if transport were constant throughout
the ENSO cycle.
The cooling of the benthic overflow source water in the South China Sea is associated with temperature changes elsewhere in the water column. By defining the 21◦ C
isotherm as a measure of thermocline depth, we can estimate the water structure
response to ENSO cycles. Interestingly, the depth of the 21◦ C isotherm appears to
correlate reasonably well with the Niño 4 index over a much longer period than do the
temperatures at 400 m depth (Figure 4.11). Indeed, the power spectrum density of
the 21◦ C isotherm record has statistically significant power in the ENSO band (Figure
4.12). Thus the EN3 data likely contains significant ENSO variability at depths in
the 100-120 m range throughout the time series back to 1965, but a potential signal
at 400 m only appears since about 1995. Given that the quality and quantity of
historical hydrographic data decreases with depth and has increased with time [Ishii
et al., 2003], we would expect a given interannual signal to be more prominent in the
historical record at shallower rather than deeper depths. This is consistent with the
possibility that the lack of a statistically significant ENSO signal in the 400 m EN3
temperature record is partly due to inadequacies in the historical data record.
In addition to thermocline variability in the southern South China Sea affecting
Mindoro transport through the hydraulic control mechanism described above, the
regional subsurface temperature structure may also affect the throughflow. The largescale circulation in the South China Sea is cyclonic [Metzger and Hurlburt, 1996, Qu
et al., 2009], associated with a central sea surface height depression. This depression is
partially compensated by an elevated thermocline, as also seen elsewhere in the region
[Bray et al., 1996]. Changes to the sea surface slope, as reflected in the thermocline,
between the central South China Sea and the Mindoro Strait should be associated
with changes to the geostrophic flow around the South China Sea and the amount of
water driven toward Mindoro Strait.
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Using the EN3 historical hydrographic record, we calculate the average slope of
the 21◦ C isotherm between the entrance to the Mindoro Strait and the central South
China Sea, defined as the region between 13 and 16◦ N and 112 and 116◦ E (Figure
4.13a). While the power in the ENSO band is weak and not likely to be statistically
significant, there does appear to be a relationship between the thermocline slope and
ENSO, with the slope steepening during La Niña. Similar to the Mindoro record,
this signal appears to emerge after roughly 1965. However, the thermocline depth in
the central South China Sea ranges only between approximately 90 and 95 m depth,
exhibiting less variability than the thermocline depth at the entrance to Mindoro
Strait (Figure 4.13b). Thermocline depth variability in the central South China Sea
shows little relation to ENSO state. This suggests that the variability in thermocline
slope on ENSO time scales is dominated by thermocline depth changes at the entrance
to Mindoro Strait.
The sense of this shift in thermocline slope is such as to increase the strength of
the South China Sea cyclonic gyre during La Niña, and weaken it during El Niño.
As this is the opposite sign of the expected benthic overflow transport changes due
to benthic temperature variability also associated with changes in thermocline depth,
these two effects are offsetting. However, as we might expect the overflow transport
changes to be confined mostly to the benthic layer, and the geostrophic effects predominantly in the thermocline, there may be potential to separate the processes in
future observational or model studies.
These observations and historical data are consistent with the proposed mechanisms of ENSO signal transmission into the South China Sea involving Luzon Strait
advection [Shaw, 1991, Qu et al., 2004] and surface heat fluxes [Klein et al., 1999,
Wang et al., 2006]. We do not find evidence in the Panay and Mindoro mooring
records to support the mechanism proposed by Liu et al. [2011], by which equatorial
Rossby waves in the Pacific excite coastal Kelvin waves which propagate around the
Sulawesi Sea, into and around the Sulu Sea, and northward through Mindoro Strait
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into the South China Sea. This Kelvin wave pathway also seems unlikely given that
the waves would pass Dipolog Strait and Tablas Strait prior to entering Mindoro
Strait, both of which would have the potential to attenuate wave energy in small
marginal basins.

4.7

Conclusions

Based on a hypothesis suggested by an analysis of a two year ADCP mooring record
at two locations along the pathway between the South China Sea and the Sulu Sea,
we have investigated the potential role of El Niño/Southern Oscillation state on the
transport in the dense overflow at Panay Sill. This overflow is responsible for ventilation of the intermediate depths in the Sulu Sea between approximately 575 and 1250
dbar. Our results show that upstream South China Sea temperature is a useful proxy
for benthic transport at Panay Sill. However, there is significant variability that cannot be explained by upstream temperature, likely associated with density changes at
shallower depths at Panay Sill. Additionally, while the mooring observational record
is too short to distinguish ENSO associated variability from the seasonal cycle, a
longer term reconstruction based on an upstream objective analysis record suggests,
inconclusively, that benthic transport at Panay may fluctuate by 10% above and below the mean due to El Niño and La Niña conditions, respectively. This transport
variability would be associated with changes of a similar magnitude in the residence
time of the ventilated Sulu Sea slab between 575 and 1250 dbar.
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June 2007 (n = 6) Jan 2008 (n = 1) March 2009 (n = 1)
σθ,1 , kg m−3
S2
h0 , m

26.28

26.39

34.444

34.445

87.17

92.0

26.31

Mean
26.32

34.450 34.446
109.0

96.06

Table 4.1: Observed and mean parameters used in transport reconstructions
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Figure 4.1: Map of the study site. Blue circles mark the location of the northern
Mindoro Strait and the Panay Sill moorings. Contours mark the 500 and 2000 m
isobaths.
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Figure 4.2: Vertical water column structure at Panay Sill. a) Along channel velocity
structure. Solid line is the mean, shaded region represents area within one standard
deviation, and the dotted lines are the minimum and maximum observed velocities
during the mooring deployment. b) Stratification at a representative sill station
(Stn. 8, 2007). Bold line is potential temperature, dashed is salinity, and thin is the
buoyancy frequency N 2 .
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Figure 4.4: Mindoro benthic temperature, velocity, and Niño 4 time series
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Figure 4.5: Relationship between monthly subsampled benthic temperature and observed overflow transport. Shaded region is 95% confidence interval of the regression
line. Dotted lines indicate the 95% prediction interval.
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depth of the 21◦ C isotherm. Shaded region represents periods between 3 and 8 years.
Solid black lines are the estimated background red noise spectrums. Dotted lines are
95% confidence intervals.
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Chapter 5
Early stage soliton observations in
the Sulu Sea
Abstract Observations of large-amplitude, non-linear 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 43.5 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. Model wave halfwidths bracket the observed wave, with the Joseph model narrower than the K-dV
model. Total potential energy per meter of wave crest in the modeled solitary waves
are 1.6 × 108 J m−1 and 9.8 × 107 J m−1 for the K-dV and Joseph waves, respectively.
Observed kinetic energy in the main wave crest contains 4.7 × 107 J m−1 ; less than
the estimated potential energy due to the early stage of development of individual
wave crests. A more broadly defined wave packet contains an estimated 1.5 × 108 J
m−1 kinetic energy, comparable to the modeled potential energy.
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Introduction

Internal waves at near-tidal frequencies are most often generated by the interaction
between tidal motions and ocean boundaries such as continental shelves or shallow
sills, which generate 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], non-linear effects become important 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 two week
period moored current meter and thermistor chains recorded observations of large,
non-linear 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]. Indeed, satellite imagery, both synthetic aperture radar (SAR) and optical sunglint, 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 terminate 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 observations of these waves since
1980. Due to maritime security concerns, research cruises are generally, required
to avoid this region. While the larger objective of the PhilEx 2009 cruise was not
soliton detection, we took advantage of our location and timing, during the spring
tide when soliton generation is strongest [Apel et al., 1985], to collect a full tidal
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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].

5.2

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-hour stationary observation period on 11-12 March, at 6.5◦ N, 119.5◦ E, using
hull-mounted Acoustic Doppler Current Profilers (ADCP) and a conductivity, temperature, depth (CTD) package at mid-thermocline depth, bracketed by two full
depth CTD profiles. The CTD was located at mid-thermocline depth where the vertical temperature gradient is greatest to best resolve vertical water displacements
associated 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 Figure 5.1. The hull-mounted
ADCP system consisted of two RDI Ocean Surveyor instruments, operating at 75 kHz
(OS75) and 150 kHz (OS150). Due to 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.

5.3

Wave Observations

Water column displacement associated with wave passage is estimated from the temperature time series shown in Figure 5.3a. After filtering to remove high-frequency
internal wave signatures, we assume all remaining temporal temperature variabil-
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ity is due to vertical displacement 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).
Displacement is estimated by mapping the observed temperature at the CTD with
its depth in the background temperature profile (Figure 5.2). The vertical structure
of the water column displacement 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], as well
as velocity structure results presented below. Figure 5.3b shows the displacement
time series of a representative isotherm, 18.97◦ C, found at 150 m during the depth
profile.

5.3.1

Velocity Structure

Hull-mounted ADCP data were rotated into the direction of wave propagation, determined through a filtering and regression procedure. Data were high-pass filtered
using a 3-hour 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
348◦ and 346◦ 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
Figure 5.4. Two wave packets were observed during this CTD deployment, B1 and
C1; A1 was observed while underway prior to the CTD profiles. Packet B1 was
relatively weak and less well defined, with the trough passing at 1850 UTC 11 March.
The first trough of the second packet, C1, stronger and better defined than the first,
passed at 0800 UTC 12 March, followed by an additional five weaker troughs. 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
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transverse wave motion. Downward vertical motion was observed with the arrival
of the wave, on the order of 1-3 cm s−1 . The transition from positive to negative
horizontal wave motion is coincident with upward vertical motion of similar strength.
Axial and vertical wave motion changes sign near 200 m, suggesting the wave
motion was predominately in the first normal mode. This depth is shallower than the
first normal mode maximum at 537 m, likely due to the influence of background shear
[Apel et al., 1985]. We compare the normal mode oscillations to observed motions
by calculating a set of empirical orthogonal functions and their associated principal
components from high-pass filtered transect ADCP data.
The first EOF of the OS75 along-axis ADCP data has a similar structure to the
horizontal motions associated with the first normal mode (Figure 5.5). During the
CTD time series, the principal component of the first mode has local maxima as
wave packets B1 and C1 pass. We use this association to help identify soliton passage
during the Sulu Sea transect, where only ADCP data are available.
On the northward transect along 119.5E, 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
3 more times during the ship transit. These wave observations during the ADCP
transect data are identified in Figure 5.5. During the transect other ship operations
were ongoing, primarily CTD casts. Due to the stop-and-go nature of that work, in a
number of cases we “leapfrogged” the same soliton wave multiple times, or observed
only the leading or trailing edge of the wave, presenting difficulties in fully analyzing
these wave crossings.
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Discussion
Analytic Models

Various theoretical descriptions of solitary waves have been developed since early
observations of oceanic solitons in the nineteenth century, the first, by Korteweg
and de Vries [1895, K-dV], assumes shallow-water. Later work by Benjamin [1967]
and Ono [1975] developed a deep-water theory. An evolution equation assuming
finite-depth water was developed by Kubota, Ko, and Dobbs [1978] (KKD equation),
with an exact steady state solution by Joseph [1977], which reduces to either the
K-dV equation or the Benjamin-Ono equation in the shallow or deep water limits,
respectively.
The applicability of these individual theories depends on the structure of the waves
and the oceanographic setting. The solution to the shallow-water K-dV equation
assumes a wave with characteristic length scale L much greater than the ocean depth
H, and that the thermocline thickness length scale h is of the same order as the full
ocean depth H. The Benjamin-Ono deep water theory is applicable where h  L 
H. Finally, the finite-depth theories apply in the intermediate regime, where L is of
the same order as H.
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 Joseph theory is the most appropriate for this site. For comparison, we
also calculate the commonly used K-dV shallow water model. 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].
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Joseph Model The Joesph equation steady state solitary wave solution, using the
notation of Apel et al. [1985], is
η(ξ) =

−η0
cosh (aξ) + sinh2 (aξ)/(a2 b2 )
2

(5.1)

where ξ = x − ct, b = 4βc0 /αη0 , and a is a solution to ab tan(aH) = 1. The environmental parameters α and β, measures of nonlinearity and dispersion, respectively,
are calculated from the background stratification:
R0
3c0 −H (w10 )3 dz
α = R0
2 −H (w10 )2 dz
β=

1
2

R0

(w10 )2 dz
z0

(5.2)

(5.3)

where w1 is the vertical structure of first normal mode perturbations and w10 (z0 ) ≡
(dw1 / dz)|z=z0 = 0. The linear propagation speed of first mode perturbations, c1 ,
is related to the long-wavelength linear wave speed c0 by c0 = c1 (1 − β/H). The
nonlinear soliton wave speed c is given by


β
(1 − δ cot δ) + 1
c = c0
H

(5.4)

where δ = 2aH. We can also calculate a length scale L1/2 , the full width at half
maximum amplitude, as
−1



L1/2 = cosh


1 + 3(ab)2 −1
a
1 + (ab)2

(5.5)

K-dV Model The steady state solution to the K-dV equation takes the form
η(ξ) = −η0 sech2 (ξ/∆)
where ξ = x−ct, c = c1 +αη0 /3, and ∆ =

(5.6)

p
12β/αη0 . The environmental parameters

α and β, given by Ostrovsky and Stepanyants [1989], are:
R0
3c1 −H ρ(w10 )3 dz
α = R0
2 −H ρ(w10 )2 dz

(5.7)
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(5.8)

Additionally, we can calculate the full width at half maximum amplitude length scale
as

√
L1/2 = 2∆ cosh−1 ( 2).

(5.9)

The parameters α and β for the two models are calculated using the background
stratification observed prior to the CTD time series and the resulting first normal
mode structure w1 and linear perturbation speed c1 . The calculated parameters of the
two model waves are shown in Table 5.1. Using the estimated isopycnal displacement
field described above, we calculate the maximum wave displacement η0 = 43.5 m at
depth z0 = 537 m for wave C1. Wave amplitudes at other depths are scaled by w1 .
The two modeled waveforms are shown in Figure 5.6a. The model fit is sensitive to
η0 , though our estimated value of η0 compares reasonably with that observed by Apel
et al. [1985] of η0 ≈ 50 m.
Given the noise in the observed isopycnal displacement, it is difficult to identify
either model as clearly superior. 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 training edges, likely due to the
influence of the trailing waves not included in the steady state, solitary wave models.
In time coordinates, we find the observed full width at half maximum amplitude
(FWHM) of 23.0 minutes falls between that for the K-dV model, 26.3 minutes, and
the Joseph model, 16.7 minutes.
Observed wave speed between observations C1 and C3 was approximately 2.55 m
s−1 . This compares well with the Joseph model nonlinear velocity of 2.57 m s−1 at
the time series site, but slower than the K-dV model velocity of 2.69 m s−1 . Small
differences between the average wave speed through the Sulu Sea and the modeled
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velocities at the time series site are expected due to changes in water depth and
stratification. Effects of background shear are likely to be small, less than 5% for first
mode waves [Apel et al., 1985].

5.4.2

Soliton Energetics

Estimates of potential and kinetic energy can be made for the wave observed during
the time series, using the isotherm displacement estimate derived from the temperature time series for potential energy and concurrent hull-mounted ADCP data for
the kinetic energy.
Due to 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 associated 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, κ and λ, 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 upper ocean observed by the
ADCP to full ocean depth, we calculate the kinetic energy,
Z 0
1
KE(t) = ρ0
κu(t, z)2 + κv(t, z)2 + λw(t, z)2 dz
2
−614m

(5.10)

where u, v, and w are first three-hour high-pass filtered to remove background currents. The diurnal migration of scatters introduces a spurious vertical velocity, which
is removed using a daily composite of vertical velocity in the Sulu Sea prior to filtering
[Plueddemann and Pinkel, 1989].
Converting to space coordinates using the Joseph model nonlinear wave speed
c = 2.57 m s−1 , the estimated KE(x) time series is shown in Figure 5.6b; maximum
energy density at the wave trough is KE(0) = 15.2 kJ m−2 . The total 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
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km on the leading edge of the wave, approximately where the energy rises above the
background values on the order of 2 kJ m−2 , to 2.3 km on the trailing edge where the
kinetic energy begins to rise in a new oscillation, we calculate a total kinetic energy
of 46.7 MJ m−1 .
The potential energy in the wave is due to the downward displacement of relatively
low density water with the passage of the wave. We use the modeled waveforms
applied to the CTD density profile to estimate the available potential energy in the
water column,
Z

0

AP E(t) = g

[ρ0 (z) − ρ0 (t, z)] η(t, z) dz

(5.11)

−H

where ρ0 (z) is the undisturbed, stably stratified density profile, ρ0 (t, z) is the density
profile as perturbed by the passage of the wave, and η(t, z) is the vertical displacement
of a parcel from its undisturbed depth z. We calculate AP E K and AP E J from the
K-dV and Joseph model waveforms, respectively.
At t = 0 both models are fit to the observed wave displacement and the local potential energy is independent of the waveform shape, giving a peak columnintegrated available potential energy of 50.1 kJ m−2 . Summing across the full wave,
AP EK = 159.5 MJ m−1 , while AP EJ = 98.1 MJ m−1 . The peak available potential
energy density is approximately an order of magnitude greater than waves observed
elsewhere in the Philippine Archipelago [Girton et al., 2011].
The potential energy estimates are made from a model of a well-formed, true
solitary wave. Kinetic energy however, is calculated from the observed, early-stage
wave. Past work has shown that as these waves evolve, energy is transported to the
front of the wave train [Liu et al., 1985]. The total kinetic energy in the full wave
train thus provides an upper bound on the kinetic energy in a fully evolved wave. The
full wave train, from 10 km prior to the first wave trough to 25 km after, contains an
estimated 148.2 MJ m−1 kinetic energy.
While the observed kinetic energy to potential energy ratio of 0.29-0.48 is lower
than the ratio of 1.4 found in the South China Sea by Klymak et al. [2006] or ratios
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greater than 4 found by Pinkel [2000] in the Western Pacific, we note that the kinetic
energy estimate here is based fully on ADCP data and is sensitive to chosen integration limits. Additionally, the analytic models used for the potential energy estimates
assume the wave is fully formed and solitary at this site. The trailing waves contain
additional kinetic energy after the passage of the first crest, which likely is transported into the leading wave as the wave develops. Using the broader wave packet
as an indicator of total kinetic energy, the observed kinetic to potential energy ratio
increases to 0.93-1.51, similar to that observed elsewhere for fully developed waves.

5.4.3

Shear Instabilities

Velocity observations show a gradient in the soliton horizontal velocity structure
across the thermocline (Fig. 5.4), consistent with the first mode velocity structure.
This suggests the possibility of shear instabilities associated with the wave’s passage.
Enhanced shear instabilities within solitary waves have been observed both on the
continental shelf by [Moum et al., 2003] and in the deep ocean [Pinkel, 2000, Klymak
et al., 2006].
We calculate the gradient Richardson number,
Ri =

N2
(dU / dz)2

(5.12)

where U = u + v, and use the criteria Ri < 1/4 as an indication of where shear
instabilities may be important. Results, shown in Figure 5.7), indicate that within
the thermocline, from approximately the base of the mixed layer at 40 m to 260 m,
stratification dominates and shear instabilities are not possible, with the exception of
one period of strong shear prior to the arrival of the first wave packet associated with
pre-existing shear. Outside of this depth range, conditions of Ri < 1/4 are common,
though no relationship with the passing waves is discernible.
While we do not observe shear on the scales greater than the 150 kHz ADCP
bin scale of 4 m, we do find regions of increased acoustic backscatter on the leading
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edge of the wave, a possible indication of instabilities and turbulence on a smaller
spatial scale than that resolved by the ADCP. These sub-resolution scale motions
can affect the bulk properties of the water parcel, increasing the amount of acoustic
energy returned to the ADCP [Sandstrom et al., 1989]. Higher resolution data would
be needed for confirmation.

5.5

Conclusions

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 site
SS2 using modern acoustic tools. Additional opportunities for extended in situ data
collection in the near future at this location are unlikely due to ongoing geopolitical and ship security constraints. Within the limits dictated by these concerns, we
collected CTD and hull-mounted ADCP time series data, and estimated idealized
waveforms based on the K-dV and Joseph soliton models. At this site, both the
K-dV and Joseph models are broadly consistent with the observed wave structure.
Additional velocity and CTD time series observations in the northern Sulu Sea would
allow estimates of energy dissipation and insights into the propagation and evolution
of these solitary-like waves.
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α, s−1

β, m3 s−1

L1/2 , m

c, m s−1

1.74 × 10−2

3.65 × 105

4.24 × 102

2.69

Joseph 1.68 × 10−2

1.15 × 102

2.58 × 103

2.57

K-dV

Table 5.1: Calculated parameters for the two analytic models. The environmental
parameters, α and β are calculated from the density profile, L1/2 is the full width at
half maximum amplitude, and c is the nonlinear soliton wave speed.
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Figure 5.1: Study site. Yellow star marks time series location, blue lines and dots
mark ship track and CTD station locations. Arrow indicates dominant direction of
wave motion, 348◦ . Green dot marks approximate soliton generation site. Contour
lines are plotted at 100 and 2000 m depths. Timestamps mark March 2009 date and
UTC time of arrival on station.
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Figure 5.4: Velocity structure during time series, from the OS75 ADCP, on 11-12
March 2009. (a) Along-axis flow, (b) transverse flow, and (c) vertical flow. Panels (a)
and (b) share a common color scale. Horizontal wave motions are oriented at 348◦
relative to true north. Strong vertical motions at 2200 UTC 11 March and 1000 UTC
12 March 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 s−1 .
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Figure 5.7: a) Buoyancy frequency, N 2 , b) vertical shear, and c) gradient Richardson number, with contour at Ri= 1/4.
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Chapter 6
Future Work
Prior to the series of PhilEx cruises between 2007 and 2009, knowledge of Philippine
circulation was rather general, with details limited to the surface and what could be
inferred by hydrographic and geochemical studies. This changed with the first PhilEx
cruise in June 2007, which was exploratory in nature. The preliminary results of that
expedition informed the planning for the remaining cruises. Likewise, we hope that
the findings of this study can be used to guide future work as well.

Study Improvements
In hindsight, a number of aspects of the study design could be improved. Certainly,
the few in situ observations near Sibutu Passage made full analyses of deep Sulu Sea
ventilation and soliton propagation difficult. High-quality, full-depth hydrographic
profiles on either side the Sibutu Passage would allow estimation of source water to
the deep Sulu Sea without reliance on archived or ROV data. A mooring deployment
at the northern end of Sibutu Passage, consisting of a bottom-mounted, uplooking
ADCP and a thermistor chain would provide data on the deep ventilation. From results in Chapter 3, the deep water in the Sulu Sea is characterized by higher salinity
than the Panay overflow water, but the density is controlled by the low temperature.
In tracking the deep ventilation, we would look for anomalously low temperatures
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correlated with northward benthic flow, likely during periods of strong tidal amplitude. Such a data set could address questions of how and on what time-scales the
hypothesized Sulawesi Sea intrusions occur.
A longer time-series at the soliton observation site would have allowed for estimation of the variability associated with each wave. Apel et al. [1985] found that
the number of waves in each packet and the amplitude of the leading wave were
both modulated on fortnightly time-scales. Due to the length of the time-series, our
analysis was limited to a single wave packet. We did observe a weaker wave during
the previous tidal cycle, though analysis was limited by the relatively coarse vertical
resolution of the hull-mounted ADCPs. Additionally, we missed an opportunity to
measure the density field before and during wave passage by rapidly raising and lowering the CTD/LADCP package. Instead, the CTD was placed at a stationary depth
in the thermocline to observe the vertical displacement of water associated with wave
passage. The details of the wave generation at Pearl Bank is still an open question.
Previous research here since Apel et al. [1985] has been only by satellite [Jackson
et al., 2011], with related work done numerically Warn-Varnas et al. [2010] or in the
laboratory [Chen et al., 2007, Lim et al., 2008]. In situ observations of the generation
process, while unlikely to be possible due to the ship security situation, would greatly
add to our knowledge of this phenomenon.

South China Sea
Aside from potential future improvements to this study, there are a number of new
questions raised by this work related to the Panay Sill overflow and its role in controlling the interaction between the South China Sea and the Sulu Sea. As one of
the major outflows from the South China Sea, flow through Mindoro is likely to be
coupled with flow through Luzon. Indeed, a number of modeling studies have showed
this [Qu et al., 2004, Yaremchuk et al., 2009], pointing to the fact that Mindoro is the
deepest exit for water transported in through Luzon. The South China Sea is also
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thought to store and release heat on various time scales, including ENSO [Qu et al.,
2006a], related to changes in surface heat fluxes and water advection through Luzon
Strait. The details of the balance of flow between Luzon, Karimata, and Mindoro
straits remain unclear, however. Work here has shown the flow at Mindoro to be
strongly layered, as is Luzon transport [Qu et al., 2006b], suggesting that concurrent
measurement of the water masses entering and exiting through these three locations
may yield additional insight into the dynamics of the South China Sea below the
surface.

Panay Sill Overflow
Within Mindoro Strait, in this work we identified a likely location for hydraulic control
at Panay Sill. However, Panay Sill is somewhat deeper, about 570 m, than the
northern Mindoro Strait, about 440 m. This raises the question of why the control
is at the deeper Panay rather than in the northern Mindoro Strait, as one would
naively expect given a generalized model of flow over a sill. Does the presence of
the deep “mixing bowl” north of Panay Sill, play a role in decoupling the flow in
the northern Mindoro Strait from the southern portion? If so, what are the relevant
scales involved? How small could the “mixing bowl” become before being rendered
irrelevant? These questions are well suited for numerical experiments, both with
realistic regional bathymetry and with an idealized sill pair configuration.
A numerical model of the sill overflow would also be useful to address assumptions
we made in adapting the continuously stratified flow to a 1.5-layer model. A local
model capturing the dynamics at Panay Sill could serve as a complement to the
regional models developed as part of PhilEx program. This could also be a tool for
investigating potential generation of internal waves and variability of the downstream
hydraulic jump with the tidal cycle.
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Sulu Sea Ventilation
Downstream of Panay, additional questions arise regarding the ventilation of the Sulu
Sea. We calculated an average vertical eddy diffusivity at 575 dbar in the Sulu Sea
of 4.4 × 10−4 m2 s−1 , an order of magnitude greater than the bulk estimate for the
abyssal ocean [Munk, 1966]. While perhaps not surprising given the smaller scale
of the Sulu Sea and closer proximity to boundaries at any given point than in the
open ocean, details of the energy sources and spatial and temporal distribution of
this mixing is not known.
The variability of Sulu Sea ventilation discussed in Chapter 4 is subject to a
number of uncertainties that would benefit from additional study. In particular,
density variability above the overflow interface is an important issue to address. Does
the source depth for the Panay Sill overflow in the South China Sea vary over time,
or is the flow pathway relatively constant?
The ENSO teleconnection mechanism suggested by Liu et al. [2011], whereby
Rossby waves in the western Pacific are transmitted into the Sulawesi sea as coastally
trapped Kelvin waves and navigate their way through the Sulu Sea to the South China
Sea, is not yet supported by direct data. This mechanism seems unlikely though due
to the complex bathymetry and marginal basins along the proposed wave pathway.
Communication of ENSO state through Luzon Strait into the South China Sea is
better supported by the data.
However, the role of Kelvin waves, both from the Indian Ocean [Sprintall et al.,
2000, Pujiana et al., 2009] and from the Pacific [Spall and Pedlosky, 2005, Liu et al.,
2011] in adjusting the state of the Sulawesi Sea on ENSO time scales is deserving of
more study. Changes to the thermocline depth could have a larger relative impact on
Sibutu Passage transport than Panay, due to the shallower depth of the sill. ENSO
related changes in the ventilation of the deep Sulu Sea may also have paleoclimate
implications. While changes to the depth or composition of the slab ventilated by
the Panay Sill overflow are unlikely to have much impact on the sediment record,
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changes to the benthic water composition may be important and potentially recorded.
Variability on ENSO time scales of the Sibutu source of deep Sulu Sea water is too
fast to be recorded given the sedimentation rates in the southern Sulu Sea of under
10 cm ka−1 [Wang, 1999], though low frequency variability of ENSO strength or state
may be detectable.
Along similar lines, sea level changes associated with glacial cycles are likely to
change the balance between the two sources of deep water to the Sulu Sea. A reduced
sea level of 120 meters during the last glacial maximum would reduce the sill depth
at Sibutu Passage from about 270 m to 150 m. This would decrease the likelihood of
tidally uplifted water being dense enough to ventilate the deep Sulu Sea. Without this
southern source, the deep Sulu Sea would be fresher and more similar to intermediate
depth South China Sea water.

Conclusion
Due to the Philippine Archipelago’s location at the intersection of the South China
Sea Throughflow and the Indonesian Throughflow, which facilitate the interaction
of the Pacific and Indian Oceans, the small scale dynamic processes at the shallow
basin margins play an outsized role in the regional circulation. At the margins between the South China Sea, the Sulu Sea, and the Sulawesi Sea, water masses meet,
otherwise diffuse currents are channeled and strengthened, and stable stratification
is disturbed by bathymetry, generating waves and mixing. These processes vary on a
wide range of time scales, from tidal to interannual, and potentially glacial. Here we
have investigated and discussed a number of these processes, including the hydraulically controlled overflow at Panay Sill, diapycnal mixing, deep basin ventilation, and
nonlinear internal wave propagation. Hopefully this work serves to improve our understanding of the region and spur new research directions into the future.
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