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ABSTRACT
Data collected as part of the Arlindo Project (“Arlindo” is an acronym for Arus Lintas Indonesia,

meaning “through�ow” in Bahasa Indonesia) from October 1996 to March 1998 are analyzed to
study the characteristicsof the � ow through the Makassar Strait. Analysis of inverted echo sounders
(IES) and bottom pressure data (PIES) combined with TOPEX/POSEIDON satellite-derived sea
height anomaly suggest that a minimum of three-layer approximation is necessary to explain the
dynamics of the � ow in the Makassar Strait. The simple two-layer model used in several studies of
the through�ow is rejected based on total incompatibilitywith the data sets. A three-layermodel with
signi� cant contributionsby the middle layer provides a consistent interpretationof PIES and satellite
data. Results are interpreted in the framework of the large-scale circulation.

1. Introduction

The primary goal of the Indonesia-United States Arus Lintas Indonesia (Arlindo) or
through� ow project is to study the circulation and water mass strati� cation within the
Indonesian Seas in order to formulate a thorough description of the source, spreading
patterns, inter-ocean transport and dominant mixing processes. As part of this project, a
small array of inverted echo sounders, equipped with pressure gauges (PIES), were
deployed along the main axis of the Makassar Strait (Fig. 1). The objective of these PIES
was to measure the meridional through� ow by monitoring the pressure gradient along the
Strait. Results from PIES measurements will be compared to current meter observations in
order to see if PIES might be used to monitor the through� ow effectively, rather than the
much more operationally dif� cult, direct velocity measurements. The Makassar Strait is
observed to be the main conduit of water through the Indonesian Seas (F� eld and Gordon,
1992; Bingham and Lukas, 1995; Ilahude and Gordon, 1996; Gordon and Fine, 1996;
Hautala et al., 1996; Gordon et al., 1998; Gordon and Susanto, 1999; Waworuntu et al.,
1999). In this paper only the low-frequency analysis of the data will be presented.

Inverted echo sounders (IES) are bottom-deployed instruments that measure the time
that it takes an acoustic signal to travel from the bottom to the surface and back (travel
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time). In general this travel time, t, has proved to be directly related to the depth of the
thermocline (Watts and Rossby, 1977). It can also be related to dynamic height (Garzoli and
Garraffo, 1989; Garzoli, 1993). IES were successfully used to monitor the zonal pressure
gradient along the equatorial Atlantic (Katz, 1977). They have been combined with hydro-
graphic and satellite altimetry to provide detailed descriptions of the Gulf Stream (Kelly and
Watts, 1994), and the southeastern Atlantic dynamics (Garzoli et al., 1997).

Four PIES were deployed from the Indonesian research ship, Baruna Jaya IV, in November
1996. The instruments were recovered in February 1999. Unfortunately only three of the four
PIES were recovered (PIES 50 at 2.86S 118.45E, PIES 58 at 2.97S 118.50E, and PIES 62 at
1.90S 118.30E), and PIES 62 had a shorter record. PIES 50 and 58 were deployed at 2138 m
depth and 2147 m depth and PIES 62 at 2228 m depth. Data at sites 58 and 50 are redundant.
Only data from PIES 50 and PIES 62 are used in the present analysis.

During the deployment cruise, Acoustic Doppler Current Pro� ler (ADCP) measure-
ments were collected twice along a line 3 nm to the west of the PIES, which passed through
the current meter mooring (CMM) M1 location (Gordon and Susanto, 1999). Conductivity-

Figure 1. Location of the Makassar PIES array (crosses) and current meters M1 and M2 (circles).
Superimposed are the T/P ground tracks in gray.
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Temperature-Depth (CTD) stations were obtained at the site of deployments for further
calibration of the PIES time series. During the recovery cruise, additional hydrographic
data were collected as well as direct measurements of the surface currents using ADCP.

2. Data reduction and calibration

The 15-month-long travel time and bottom pressure series collected with the PIES were
reduced using standard procedures. After the series were despiked and missing points
interpolated, the travel time series were scaled to physical parameters. Using CTD pro� les
from four Arlindo cruises (August 1993 (AM93), February 1994 (AM94), November 1996
(AC96), and February 1998 (AC98)) the relationshipsbetween travel time and the dynamic
height, the integrated temperature, and the depth of the thermocline, in the Makassar Strait
region were studied (Fig. 2). The travel time, t, is highly correlated to the integrated
temperature. The squared correlation coef� cient, R2, between integrated temperature and t

from surface to 1500 m is equal to 0.97, with an error on the estimate of 60.030°C. On the
other hand, the regression between changes in dynamic height (from surface relative to
dynamic height at 1500 m) to t gives a rather low R2 of 0.69 and a large error of
60.049 dynm. This is due to the presence of very low salinity water at the surface layer in
the Makassar Strait during AM94 and AC96 that led to an increase in dynamic height
during that period. If we exclude the upper layer and use dynamic height of 150 m relative
to 1500 m, R2 increases to 0.925 and the error reduced to 60.007 dynm. Very weak
correlation exists between the depth of the 15°C isotherm and t. The correlation
coef� cient, R2 5 0.321, corresponds to an error in the estimate of the isotherm of 610 m.
The 15°C isotherm is chosen because it represents the main thermocline in that it falls near
the maximum in instability at the bottom of the subtropical waters (Ilahude and Gordon,
1996).

The bottom pressure series, pb, were linearly de-trended to eliminate any possible drift
in the sensors. The pressure sensor drift for PIES 50 is equal to 0.089 bar/year and for PIES
62 is equal to 0.031, much larger than the pressure variability that is in the order of
60.01 bar. Bottom-deployed pressure sensors provide a measurement of the variability in
barotropic pressure. Using ADCP data and the current meter series, the variability in pb can
be scaled to velocity (Garzoli et al., 1996). The time series of the data collected at sites
PIES 50 and PIES 62 are shown in (Fig. 3). The series has been demeaned and � ltered to
eliminate the tidal signal that is dominant in pb and strong in the t series. The increase in t

during the measurement period (Fig. 3a) is correlated to the decrease in the integrated
temperature in the water column. In December 1996 and the beginning of January 1997, t

decreases for about one month. A sharp increase in t is observed in July 1997.
The bottom temperature series (Fig. 3b) show warm events of a 0.03–0.05°C that are

signi� cantly above the background oscillating temperature of 60.01°C around the mean.
These warm events are observed only at PIES 50 and PIES 58 located at the constriction
point. These warm events coincide with northward-� owing current, measured by the
deepest current meter MAK1, at 1500 m (Fig. 4). The northward-� owing current at 1500 m
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is 180° out of phase with the current at 700 m (Gordon et al., 1998). Whenever there was a
strong southward � ow at the intermediate level, the 600 m sill at the southern end of the
Makassar Strait blocks the � ow and pushed the isotherms down, resulting in a northward
warm � ow at the bottom layer. The PIES 62 record (located north of the constriction)
shows no warm events. At the PIES 62 location, the bottom temperature is almost constant,
varying only by about 60.007°C.

From the deployment in November 1996 until mid February 1997, pb increased
(Fig. 3c). Afterward, the trend switched and pb decreased until the end of the record.
A slight increase in pb is observed in July 1997.

Figure 2. Correlation between t and dynamic height, integrated temperature, and depth of the
thermocline, in the Makassar Strait.
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3. Data analysis and interpretation

a. Barotropic transport

In a narrow channel, in which the effects of rotation can be neglected, the mean � ow is
directed in the direction along the channel. In order for the effects of rotation to be
negligible the width of the channel, W, must be small compared with the Rossby radius of
deformation (Rr) or W/Rr ! 1. For barotropic � ow, Rr 5 (gH)1/2/ u f u . At latitude 3.5S the
Makassar Strait has a width W 5 44000 m, H 5 2100 m, f 5 28.903 3 1026 s21, g 5

9.8 ms21, Rr 5 16 3 106 m resulting in W/Rr 5 0.003 ! 1. For baroclinic � ow, the internal
Rossby radius of deformation Ri 5 (g9h1)

1/2, where g9 is the reduced gravity and h1 is the
depth of the upper layer. For g9 5 0.03 ms21 and h1 5 100 m, Ri 5 227 km @ W.

The Bernoulli equation governs the motion in a narrow channel:
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Figure 3. Variability of travel time (a), bottom temperature (b), and bottom pressure (c) measured by
PIES 62 and PIES 50.
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and the conservation of mass

VN AN 5 VS AS (2)

where l is the coef� cient of open channel hydraulic drag (Henderson, 1966), l is the
distance between stations, d is the perimeter of a section, V is the mean velocity, and A is
the cross section area. The subscript N is for the northern PIES location (PIES 62) and the
subscript S is for the southern PIES location (PIES 50).

From Eqs. (1) and (2), for a given l, it is possible to obtain VN and VS and from there to
calculate the total transport VNAN or VSAS. With only two instruments along the channel,
the value of l will have to be determined independently.

The transport obtained from the difference in pressure using the previous formulation is
shown in (Fig. 5). The values of the parameters used are: r0 5 1025 kg/m3, l 5 1.08 3 105 m,

Figure 4. Time series of bottom temperature at PIES 50 and north-south velocity component of the
M1 current meter at 1500 m.

Figure 5. Velocity and transport obtained from pressure difference between PIES 62 and PIES 50
(positive to the South). Also shown is the total transport from CMM measurements (Gordon and
Susanto, 1999).
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d 5 4 3 104 m, A2 5 7.23 3 107 m2, and AN/AS5 3. For comparison, it is superimposed to the
transport measured with the CMM. It must be noted that the CMM transport is measured from
200 m to 1500 m. Values for the upper 200 m are extrapolated (Gordon and Susanto, 1999).

There is an apparent common trend to these two curves suggesting a possible low-frequency
relationship that may be barotropicor involve two-layer behavior.The shorter term oscillations
are not well correlated. Overall, however, the two-layer model fails to � t the observed currents
and only achieves a correlation coef� cient of 0.04. The shape of the curves is different and the
value of l, needed to obtainvalues of transport of the same order of magnitude,is too high (l 5

2). Typical values for l are 0.1 or lower (Henderson, 1966). These results suggest that the bulk
of the � ow in the Makassar Strait is not driven by its barotropic pressure gradients. Based on
these results, higher vertical resolution models will be tested for the Strait.

b. Altimetry data and the vertical structure of pressure gradient

Shown on Figure 6 are � ve years of time series of sea height anomaly h9 from T/P track
d118.30 at latitude 0.8S and track a119.80 at latitude 3.5S (Fig. 1). Superimposed on them
are the t and pb time series from PIES 50 and PIES 62.

To a � rst approximation, many ocean areas can be modeled by a two-layer system. In a
reduced gravity model, h9 is linearly dependent on the depth of the thermocline h1 (Goni et
al., 1996).

h9 5 eh1 1 B. (3)

Figure 6. Time series of h9 from T/P and t and pb from PIES.
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This relationshipdoes not apply in the Makassar Strait. Direct comparisons between h9 and
t in the Makassar Strait show little or no correlation for the period of measurement. This
was also hinted at by the lack of correlation between t and the depth of the upper
thermocline (Fig. 2). However, there are some indications that, in the longer time scale
(period of 200 days or more), h9 is negatively correlated with t, and with pb. From
November 1996 to October 1997 the sea height decreases. The positive sea height anomaly
that normally starts in October (annual signal) does not appear in 1997 due to the shift of
warm pool mass to the eastern Paci� c during the strong El Niño year of 1997. The decrease
in h9 is accompanied by the increase in t and pb, and can be interpreted as dynamic height
decrease caused by the presence of a layer colder than normal in the water column.
Increases in t and pb are also results of this increase in the amount of the colder water.

The higher frequency � uctuation of h9 (period shorter than 200 days) is less consistent
with the change in t and pb. During some events, h9 signal is in-phase with t and pb (for
example the decrease in early January 1997). Other events show an out-of-phase relation
between the h9 and t and pb. This inconsistencyreinforces the conclusion that the structure
in the Makassar Strait involves dynamics more complicated than a simple two-layer
system. In what follows, a three-layer model will be developed and applied to the Strait.

c. Makassar Strait dynamics in a three-layers approximation

A simple three-layer model is developed to study the time evolution at the two PIES
locations. The water column is divided into three layers with mean thicknesses h1 5

200 m, h2 5 300 m, h3 5 1600 m, densities r1 5 1022.97 kg/m3, r2 5 1026.48 kg/m3,
r3 5 1027.40 kg/m3, and sound speeds c1 5 1540.2 m/s, c2 5 1519.4 m/s and c3 5

1497.1 m/s (Fig. 7). The densities and sound speeds are calculated from CTD pro� les for
the mean layer thickness chosen. The h9 are from T/P track d118.30 at latitude 1.5S and
track a119.80 at latitude 3.5S (Fig. 1).

Variations in layer thickness generate changes in pb, t, and h9. Three equations for
changes in layer thickness can be constructed and solved using the observed h9, pb, and t.

h 5 2H 1 h3 1 h2 1 h1 (4a)

pb 5 r3gh3 1 r2gh2 1 r1gh1 (4b)

1
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The primes indicate the deviation of the variables from their time mean. Figure 8a shows
the solutions for the layer thickness changes at PIES 50 and PIES 60 locations.

Flow in a hydraulic controlled channel is subjected to the Bernoulli principle or energy
conservation equation. In a nonfriction case, the energy exerted by pressure, potential
energy and kinetic energy is constant.

D

Dt X p

r
1

v2

2 D 5 0. (6)

Assuming a constant potential energy, the change in kinetic energy between two
locations in the channel can be related to the change in pressure.

D

Dt X p

r
1

v2

2 D 5 0 (7)

vS
2 2 vN

2 5
2
r

~pN 2 pS!. (8)

Pressures in the middle of layer one and two (Fig. 8b) are calculated from layer thickness
solutions.

p1 5 r1g~h1 1 h2 1 h3 2 H 2 z1/2! (9)

p2 5 r1gh1 1 r2g~h2 1 h3 2 H 2 z3/2!. (10)

Figure 7. Schematic diagram of the three-layermodel.
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Figure 8. Results from the three-layermodel: (a) layer interface change at PIES 62 and PIES 50. (b)
pressure in the middle of layer 1 and 2. (c) kinetic energy change between PIES 62 and PIES 50.
(d) transport in layer 1 and 2 (positive to the South). Also show is 0 –800 m transport from CMM
(Gordon and Susanto, 1999).
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The kinetic energy change between PIES 62 and PIES 50 for the top two layers are
calculated and shown in Figure 8c.

Using (8) and continuity (2), the absolute velocities in each layer can be determined.

vS
2 5

2rA
2

~rA
2 2 1!r

~pN 2 pS! (11)

where rA 5 AN/AS.
Figure 8d shows the variability of the integrated transport in the two upper layers. Note

that only variability is presented because there is an unknown mean pressure difference
between the north and south location in the Bernoulli equation. The total transport will be
the variability plus an added constant. Transport variability curves for each layer are
directly proportional and are, therefore, not shown in Figure 8c.

4. Results

The model solutions for the three-layer system show some interesting results. (1) The
top interface shoals (the top layer thickness decreases) during 1997. This is consistent with
the strong El Niño onset in 1997 when the warm pool in the western equatorial Paci� c
moves eastward causing the thermocline to shoal in the Indonesian Seas. (2) The middle
layer stretches in the opposite phase as compared with the top layer. The middle layer
thickens during most of 1997. (3) The bottom layer has only slight changes during the
measurement period. (4) A warm event, shown as a thickening of the middle layer, is
observed � rst in the Labani constriction (PIES 50) around December 1996 and later on to
the north (PIES 60) in January 1997.

The solutions for the thermal structure in the Makassar Strait depend mainly on the
changes in the h9 and the t9. The changes in the pb play a lesser role. The bottom pressure
variability affects the mid-layer pressure and the transport variability calculation. This
indicates that the thermal and � ow structures in the Makassar Strait have a large baroclinic
component.

Comparison between the model transport and the CMM (Fig. 8d) denotes that even
though both curves follow a similar trend, the model variability is much larger. The
correlation coef� cient between the model combined (layer 1 and layer 2) transport and the
observed transport is 0.36. The correlation coef� cient for layer 2 and the observed
transport is signi� cantly larger at 0.64. Considering that conservation of energy is assumed
when the velocities are derived, the model transport variability must be considered as the
upper limit value. Energy loss due to friction and transfer to eddy kinetic energy should
decrease the velocities. Comparison between the model derived and observed transport
suggests that a signi� cant amount of energy is lost in the process. The relatively small
variability in the CMM transport can also be attributed to the fact that the CMM transport is
extrapolated from 200 m up due to the lost upper-layer current meter. The model velocities
suggest that most of the variability is in the top layer and the CMM values basically missed
the entire top layer.
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5. Summary and conclusions

It was widely assumed that the main through� ow in the Makassar Strait could be
obtained in a � rst approximation by the differences between the pressure along the Strait.
While the results presented are not conclusive due to the loss of the southernmost
instrument, the results from the present study reveal new aspects about the highly
baroclinic structure of the � ow along the Makassar Strait. The combined measurements of
surface height, integrated thermal structure and bottom pressure show that the vertical
nature of the through� ow requires at least a three-layer description. The layer structure
chosen here � ts the data used in this study and is consistent with water mass structures
observed. In the upper 200 m (the upper layer in the model) the water mass in the Makassar
Strait is characterized by the salinity maximum of the North Paci� c Subtropical Water. The
water in layer 2 is characterized by the North Paci� c Intermediate Water salinity minimum
(Hautala et al., 1996; Waworuntu et al., 2000). The resolution of the present analysis
cannot provide any more detail than the three-layer description. The contribution of the
three data types used here does supply an assessment of the contributions of different
layers. The conclusion is that the upper layer has the highest kinetic energy associated with
large change in thickness. The thicker second layer is as important, however, in terms of
transports. Priorities for future observations are larger-scale pressure measurements of the
type described here and surface current observations.
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