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Abstract

Ventilation mechanisms of the deep water in the Sulu Sea, which is a deep marginal sea (maximum depth of
about 5,000 m) with a shallow sill (depth of about 400 m) at low latitude in the western Pacific Ocean, was discussed
based on the analysis of historical data and a simple numerical experiment. The observed changes in vertical
profiles of potential water temperature, salinity and potential density between 1996 and 2002 in the deepest part of
the Sulu Sea were well reproduced by a simple numerical experiment. The heavy water mass was uplifted from the
lower layer near the Mindoro Strait in the South China Sea due to the development of an anti-cyclonic gyre and the
passing of a typhoon in autumn, and subducted from 400 m depth of the South China Sea to 5,000 m depth of the
Sulu Sea in 5 days. The terrestrial heat flow from the sea bottom played an important role in the ventilation of deep
water in the Sulu Sea. The average residence time, up to about 300 years, of deep water in the Sulu Sea was
explained by the large vertical diffusivity of 10 cm? s in the deep water of the Sulu Sea, which might be resulted
from the propagation of internal wave energy from the upper layer.

Key words : deep water ventilation, terrestrial heat flow, Sulu Sea, large vertical diffusivity in the

deep water, internal wave

1. Introduction

There are many marginal seas in the western Pacific
Ocean, such as the Bering Sea at the northern end and the
Tasmania Sea at the southern end. Among these
marginal seas, the characteristics of the deep water in the
Sulu Sea are unique. The Sulu Sea is a semi-enclosed sea
with a shallow sill of about 400 m deep and the deepest
part of about 5,000 m as shown in Fig.1, and the deep
water in the Sulu Sea is very warm and has a low
dissolved oxygen concentration.

There is no direct ventilation mechanism of the deep
water in the Sulu Sea such as winter convection, because
Quadfasel et al.(1990)"
claimed that the deep water in the Sulu Sea was ventilated

it is located at low latitude.

by a turbidity current, which was induced by the change in
water density that resulted from sediment influx. They
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*2 Department of Earth System Science and Technology,
Interdisciplinary ~ Graduate School of Engineering
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*3 Ocean Research Institute, University of Tokyo

stated that this turbidity current was triggered by the uplift
of the heavy water mass in the South China Sea, possibly
due to the passage of a severe typhoon, and had been
generated at intervals of several decades, as indicated by
the frequent deposition of graded sequences of silty mud
on the abyssal plain of the Sulu Sea. However, this
proposed mechanism is questionable because the turbidity
current can transport the bottom sediment from 400 m
depth to 5,000 m depth, but cannot transport the water
itself from 400 m depth to 5,000 m depth. The water
mass in the turbidity current is changed successively as
the turbidity current flows down. The wventilation
mechanism of the deep water in the Sulu Sea has not been
yet clarified.

In this paper, the ventilation mechanism of the deep
water in the Sulu Sea is investigated based on the
analysis of historical observed data and a simple

numerical experiment.

2. Vertical distribution of potential
water temperature,salinity, potential
density and dissolved oxygen
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Fig.1 The South China Sea, the Sulu Sea and the
Celebes Sea, where numbers show the depth
in meters (a). The bottom topography across
the Mindoro Strait (b), that from the South
China Sea to the Sulu Sea (c), and that across
the Sibutu Strait (d). Sta.PA-1 in (a) is the
CTD station in 1996 and 2002.

Used data in this study was obtained from the World
Ocean Database CD-ROM (Ver 1.2). The vertical
distributions of the potential water temperature, salinity,
potential  density and  dissolved-oxygen (DO)
concentration along the central section from the South
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Fig.2Vertical sections of potential water temperature
(b), salinity (c), potential density (d) and
dissolved oxygen concentration (e) in the South
China Sea, the Sulu Sea and the Celebes Sea
along the full line in (a). Crosses show the points
where there is no available data.

China Sea to the Celebes Sea are shown in Fig.2.
Potential water temperature in the layer below 1,000 m
in the Sulu Sea is about 10°C and it is much higher than
those in the same layers of the South China Sea and the
Celebes Sea, which are about 3 °C~4°C as shown in
Fig.2 (b).  Salinity and potential density in the deep
layer of the Sulu Sea are lower than those in the same
layers of the South China Sea and the Celebes Sea as
shown in Fig.2 (c¢) and (d). DO concentration in the
deep layer of the Sulu Sea is very low compared to those
in the South China Sea and the Celebes Sea as shown in
Fig.2 (e¢). These facts suggest that the deep water in
the Sulu Sea is ventilated by the subduction of warm and
less saline sub-surface water in the South China Sea or
the Celebes Sea, and the average residence time of the
deep water in the Sulu Sea is rather long.

The Sulu Sea connects to the South China Sea
through a narrow passage of the Mindoro Strait, whose
deepest part is about 900 m as shown in Fig.1 (b), but
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Fig.3 Potential water temperature and salinity
diagrams in the western part of the South China
Sea near the Mindoro Strait (S.C.S.) (averaged at
stations shown by full triangles in (a)) and in the
Sulu Sea (S.S.) (averaged at stations shown by
open diamonds in (a)) (b), and its expansion of
the deeper part (c). Those in the Sulu Sea and in
the northwestern part of the Celebes Sea near the
Sibutu Strait (C.S.) (average at stations shown by
crosses in (a)) (d), and its expansion’ in the
deeper part (¢).  Horizontal and vertical bars in
(c) and (e) show the standard deviation.
Potential water temperature and DO diagrams in
the South China Sea and in the Sulu Sea (f) and
those in the Sulu Sea and the Celebes Sea (g).

the sill depth from the South China Sea to the Sulu Sea
is about 400 m as shown in Fig.1 (c). The Sulu Sea
also connects to the Celebes Sea through the southern

passage of the Sibutu Strait whose sill depth is about
300 m as shown in Fig.1 (d).

3. Potential water temperature -
salinity and potential water
temperature - DO diagrams

The potential water temperature and salinity
diagrams of the Sulu Sea (averaged at stations shown by
open diamonds in Fig.3 (a)) and the eastern part of the
South China Sea near the Mindoro Strait (averaged at
stations shown by full triangles in Fig.3 (a)) are shown
in Figs.3 (b) and (c). Potential water temperature,
salinity and potential density at 5,000 m depth of the
Sulu Sea are nearly the same as those at 400 m depth in
the South China Sea, and the water mass at 400 m depth
in the South China Sea is heavier or lighter than that at
5,000 m depth in the Sulu Sea as shown by the standard
deviation in Fig.3 (c¢). The potential water temperature
and salinity diagrams of the Sulu Sea and the
northwestern part of the Celebes Sea near the Sibutu
Strait (averaged at stations shown by crosses in Fig.3
(a)) are shown in Figs.3 (d) and (¢). Potential density
of the water mass at 5,000 m depth in the Sulu Sea is
higher than that at 300 m depth in the Celebes Sea as
shown in Fig.3 (¢). These results suggest that the deep
water in the Sulu Sea is ventilated not by the water mass
at 300 m depth of the Celebes Sea but by that at 400 m
depth of the South China Sea. The ventilation is
sporadic because DO concentration at 5,000 m depth in
the Sulu Sea is lower than that at 400 m depth in the
South China Sea as shown in Fig.3 (f). It is also lower
than that at 300 m depth in the Celebes Sea as shown in
Fig.3 (g). Nozaki et al. (1999)? claimed that the
average residence time of the deep water in the Sulu Sea
was 300150 years from the observed data of AC
and DO.

4. Seasonal variation in water
characteristic at 400 m depth in the
South China Sea and at 5,000 m
depth in the Sulu Sea

Seasonal variations in potential water temperature,
salinity, potential density, and DO at 400 m depth in the
castern part of the South China Sea near the Mindoro
Strait (averaged at stations shown by full triangles in
Fig.3 (a)) and those averaged between 3,000 m and
5,000 m depths in the Sulu Sea (averaged at stations
shown by open diamonds in Fig.3 (a)) are shown in
Fig.4.

Those at 5,000 m depth in the Sulu Sea are nearly
constant throughout the year, though data is not
available for May, July and from November to March.
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Fig.4 Seasonal variations in potential water temperature
(a), salinity (b), potential density (c) and dissolved
oxygen (d) at 400 m depth in the South China Sea
(averaged at stations shown by full triangle in
Fig.3 (a)) and those averaged from 3,000 m to
5,000 m depths in the Sulu Sea (averaged at
stations shown by open diamond in Fig,3 (a)).
Vertical bars show the standard deviation.

On the other hand, potential water temperature and

potential density at 400 m depth in the South China Sea

is higher and lower, respectively, than those at 5,000 m

in the Sulu Sea in spring, but opposite in autumn

(though data is not available for March, April and

November). Salinity at 400 m depth in the South

China Sea is higher than that at 5,000 m depth in the

Sulu Sea in September. These results suggest that the

heavy water mass with low water temperature and high

salinity may appear at 400 m depth in the eastern part of
the South China Sea near the Mindoro Strait in autumn,

and it may be possible to have subducted to 5,000 m

depth in the Sulu Sea because it is heavier than the deep

water of the Sulu Sea (Fig.4 (c)).

The appearance of a heavy water mass at 400 m
depth in the eastern part of the South China Sea in
autumn is partly due to the seasonal variation in surface
circulation of the South China Sea as shown in Fig.5.
A cyclonic gyre develops near the Mindoro Strait in
spring (Fig.5 (a)), but an anti-cyclonic gyre in autumn
(Fig.5 (c)) (Morimoto ef al., 2000)”. A cyclonic gyre
in the northern hemisphere accompanies the downlifted
isopycnal surface at 400 m depth near the Mindoro
Strait (Fig.5 (e)),
accompanies the uplifted isopycnal surface (Fig.5 (f)).

while an anti-cyclonic gyre
A cyclonic gyre results in a light water mass in spring,
and an anti-cyclonic gyre a heavy water mass in autumn
as shown in Fig.4 (c). There is no remarkable gyre

near the Mindoro Strait during summer and winter
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Fig.5 Seasonal variation in the surface circulation of
the South China Sea ((a) to (d)) from Morimoto
et al. (2000) and schematic representation of
horizontal and vertical structures of cyclonic
(spring, (e)) and anti-cyclonic (autumn, (f))
eddies.

(Figs.5 (b) and (d)). Another reason for the appearance
of a heavy water mass at 400 m depth in the South
China Sea in autumn is the passing of a typhoon. The
tracks of all typhoons passing over the South China Sea
from 1950 to 2005 are shown in Fig.6 (a), and the
seasonal variation in its frequency is shown in Fig.6 (b)

(National Institute of  Information ; http:
[[www.digital-typhoon.org/). The most frequent

typhoon passing over the South China Sea occurs in
autumn. The typhoon passing may generate an internal
disturbance by uplifting the heavy water mass to 400 m
depth near the Mindoro Strait. We may assume that
the surface circulation in the South China Sea and the

frequent typhoon passing over the South China Sea in


















