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Abstract

The Indonesian Through-Flow (ITF) is a system of surface ocean currents flowing from the western Pacific
Ocean through numerous straits and sills within the eastern Indonesian seas into the Indian Ocean. The ITF
carries a large amount of heat and water affecting climate on regional and global scales. A more detailed,
comprehensive study by either direct measurements, numerical simulations or laboratory experiments is then
needed to fully understand the flow. In this context, laboratory experiments are used to study the characteristics
of mixing in density-driven exchange flows, so as to examine similar situations occurring in the flow. The
experiments have also particular relevance to improving predictions of mixing in deep overflows, as well as
to understanding the dynamics of exchange flows between water bodies such as estuaries, marginal seas and
the open ocean. Vigorous turbulence which leads to irreversible mixing is observed in the experiments and the
resulting reduction in exchange flux is measured to be 82% of the maximal exchange predicted by hydraulic
theory. The possible application of the experimental results to Indonesian sea settings is also discussed as the
results are relevant to physical oceanographic problems in the Indonesian waters.
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I. INTRODUCTION is important to develop a greater understanding of the ITF in
order to help assess how the flow affects climate on both the

. . . regional and global scales.

Density-driven exchange flows through topographic con- Many authors [1-4] agree that the Throughflow is a pre-

strictions tha_t connect two bOd.'eS of_wat_er with different Oler"dominantly North Pacific origin and that the Throughflow has
sities occur in many geophysical situations. Such constric-

tions include straits and sills, and affect flows in both the2 strong temporal variability at various time scales ranging

abyssal oceans and relatively marginal seas. In many cas from seasqngl to interannual_[5—8_]. One i_mportant aspect of
the rate of exchange of water and heat is hy.draulically con%-'ﬁe ITF is its impact on the bl0.|OgIC8.| enwronment. Qordqn
trolled by the dynamics of stratified flow in the straits or overet al. [9] argued that the ITF is almost two dimensional in
the sills. This control of mass flux has a large influence onthe Upper layer of _the ocean. However, at greater_depth there
) e significant vertical motions due to numerous sills encoun-

heat and salt fluxes between parts of the oceans, and thus %red, leading to density-driven overflows. These overflows
fects regional climate.

will, in turn, force water within the confined basins to be dis-
One major oceanographic problem associated with densityslaced vertically. Such a process maintains the properties of
driven exchange flows is the Indonesian Through-Flow (ITF)the confined water masses (e.g., temperature and salinity dis-
The ITF carries water from the western Pacific Ocean to theributions, dissolved gases, and nutrients) in the local region
Indian Ocean through a series of straits in the Indonesiafimplying a biological balance between the upper layer and
Archipelago. It transports south through the Indonesian straitthe deeper waters. Thus vertical mixing in the straits of the
a large amount of heat and water from the warm surface wamndonesian Archipelago is of great importance, and hence a
ters of the western Pacific Ocean, and contributes to the coletter understanding of this process is required to predict the
pllng between ocean and atmosphere in the Pacific and |ndia};later properties more accurate|y_
Ocean regions. However, the dynamics of the ITF is not fully understood
The ITF plays a key role in the heat and freshwater balancesom both observational and theoretical viewpoints. Estimates
of the upper layer of the Pacific and Indian Oceans. Change®f the mass transport are still uncertain, partly due to the dif-
in magnitude of the Throughflow can affect patterns of heaficulty of making simultaneous and continuous measurements
exchange with the atmosphere in regions that are remote froift the complex bathymetry of the Indonesian seas. Observa-
the Indonesian straits. In turn, these altered heat fluxes resuipnal studies [10, 11] show a wide range of estimates, 2-20 Sv
in a change in the coupled ocean-atmosphere model. Thusfier the magnitude of the Throughflow (Figure 1), implying a
large uncertainty in the variability of the Throughflow. Recent
ocean circulation models [12, 13] have also been used to study
the transport variability of the Troughflow but still unable to
*E-MAIL : tjipto.prastowo@gmail.com adequately resolve the variability of the flow. Wijffels et al.
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FIG. 1: Possible routes of the Indonesian Through-Flow and its volume transport (taken from EOS, American Geophysical Union, Vol. 8¢
No. 39, September 2004)

[14] argued that variation in the ITF transport is the dominantflux in one layer and net mass flux as
source of errors in the basin wide heat and freshwater budgets

for both the Pacific and Indian Oceans. Q= lbo \/EH% (1)
In this study, we present the dynamics of throughflow pro- 1 4
cesses in the oceans using laboratory experiments. These ex- M= ZApbo Vo H? )

periments are used to examine exchange flows with mixing. A
parallel development of a theoretical flow description will be When there is significant vertical transport of mass and mo-
an important element for the results to be applied to a range ghentum or internal mixing between layers, the exchange is
specific ocean flows, such as those in the Indonesian watengss than the maximal predictions given above.
The results will also add to fundamental understanding of the Recently, there has been increasing interest in exchange
fluid dynamics of stratified flows. flows with mixing through a topographic constriction. Sev-
eral authors have addressed the role of mixing in exchange
flows and raised the issue of flux reduction attributed to mix-
ing across density interfaces. These include laboratory exper-
iments [21], numerical investigations [19, 22, 23] and field
observations [24].

Exchange flows through a constriction depend on the den-
sity difference across the constriction, the fluid properties, and
the nature of the topographic constriction. These flows are . EXPERIMENTS
commonly represented by two counter flowing layers, each

having constant density and velocity [15]. Internal hydraulic We carry out a laboratory study of mixing in an exchange
theory provides a useful tool to predict maximal exchange irflow through a contracting channel at the Geophysical Fluid
the two-layer approximation [16]. The hydraulic solution re- Dynamics Laboratory in the Research School of Earth Sci-
lies on the assumptions that flow is steady, inviscid, incomences, The Australian National University. Experiments have
pressible, hydrostatic, and non-rotating [17, 18]. been conducted in a long, flat-bottomed tank, which allows
The quantity of interest in most environmental exchangevisualisation of the flow. An acrylic constriction is placed at
flows is the maximal exchange flux. The usefulness of thehe centre of the channel to model a strait (see Figure 2).
hydraulic theory in predicting the maximal exchange of both To run the experiment, we fill the tank with two fluids of
volume and mass through the constriction has been discussdiferent densities, and place a sliding gate in the middle of
in several papers [19, 20]. Given some simple external paranthe tank. Once the gate is withdrawn, the density-driven ex-
eters, such as the density contrast across the constriction, thhange flow of salt and freshwater occurs, leading to shear
minimum widthAp of the constriction, and the total depth b instability and extensive mixing particularly in the vicinity of
of the water, one can predict an upper bound on the voluméhe constriction. Kelvin-Helmholtz (KH) billows grow on the

1. BACKGROUND
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FIG. 2: A contracting channel for an experimental use of exchange flows

IV. RESULTS

We present final density profiles in order to illustrate the
characteristics of density profiles in adjacent basins after the
experiment. These profiles are used in the calculation of mass
fluxes and mixing efficiencies.

It can be seen from Figure 4 (a, b) that there is no significant
mixing in regions close to the bottom or near the surface, so
. that the water properties in these two regions are almost un-
L a. changed. Instead, mixing regions are supposed to be at some

depth from the surface. The similarity of the density profiles
FIG. 3: Intense mixing in the vicinity of the constriction leading to in the two figures suggests that the basic mixing processes in
KH billows. the rundown case are independent of the density difference
and the constriction width. It was found that the observed
mass flux is approximately 82% of the hydraulic prediction.
This suggests that the observed mass flux does not depend on
strongly sheared interface within the constriction, generatinghe density difference but may depend weakly on the constric-

overturns and vertical mixing between the salt and freshwation width. There may be a small effect of friction on the
ter layers. These billows grow to large amplitude and therpphserved mass flux.

collapse, after which the mixed fluid is advected by the flow
away from the constriction.

Exchange flows through a contracting channel that connects V. DISCUSSION

waters of different properties are subject to friction at the bot-
tom, sidewalls, and the interface between the layers. Such The laboratory experiments presented here demonstrate
frictional effects will reduce the rate of exchange. Pratt [25]several interesting features associated with the flux reduc-
suggested that bottom friction is likely to be important for tion. Measurements of the net mass flux in the exchange flow
long and shallow straits while in short and deep straits sucithrough a topographic constriction provide good agreement
an effect is likely to be negligible. In our experiments, the in-with previous work using both laboratory experiments and nu-
fluence of friction and internal mixing on the exchange flowmerical investigations. The results of the experiments com-
is included in theoretically simple volume and mass flux for-pare well with the prediction for mass flux reduction. This
mulations below, suggests that sidewall and bottom friction are likely to have a
little or no effect on the exchange flow. The density profiles
(Figure 4) suggest that mixing regions in both the open sea
q<0,875 (3)  and relatively shallow waters lie in some depth below the sur-
m < 0,875 (4) face. Waters near the surface and at the bottom have the same
properties as the original sources. This knowledge can be used
to estimate to some extent thermocline depth associated with
These give us an upper bound for both the volume and massixing regions in the ocean - the most possible places to find
fluxes in exchange flows under the influence of both mixingmarine food web, and hence fish. Vertical mixing acts in a
and friction. similar manner to upwelling processes, which bring deep and
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FIG. 4: (a) Final density profiles of the rundown case for four diffeidpt (b) Final density profiles of the rundown case for three different
b,.

cold, nutrient-rich waters near the surface where phytoplanksoutheast of Java coastline brings nutrient-rich water from the
ton begins to grow as sunlight and natural foods are availablaleeper layer of the Sea into photic zone. In this zone, phyto-
Wherever mixing takes place in the ocean, the surface wateggankton begins to grow as sunlight is available. They found
will be enriched with additional nutrients required to initiate that in places where upweling occurs, chlorophyll concentra-
and maintain the ocean food chain. Thus it is clear that théions are high maintaining the distribution and growth of phy-
properties of sea water is related to both physical and biologitoplankton, hence zooplankton and pelagic fish.
cal processes in the ocean. However, they did not investigate mixing and upwelling
As part of the global conveyor belt of the world ocean, processes in eastern Indonesian seas, such as the Banda Sea
the ITF plays a key role in regulating climate and rainfall where it is believed to be the place for seasonal wind-induced
across Indonesian regions. This is a considerably significantpwelling [1]. As discussed earlier, the Banda Sea appears
factor where severely natural events frequently occur in Into act as a mixing region between warm less saline ITF sur-
donesian areas. For Indonesia, understanding the ITF will erface waters of North Pacific origin and deeper water masses of
able the government to make well-prepared management d&outh Pacific origin. The Banda Sea also controls the bulk of
cisions, concerning with agricultural, water and fisheries is{TF water, flowing through the Strait of Makassar and spend-
sues as well as climate-related natural disasters (e.g. flood§g some time on mixing in the Sea before curling southward
droughts and forest fires). The authority of the Indonesiannto the eastern Indian Ocean through Timor passages. Thus, a
Agency for Marine and Fisheries says that measurements &illy comprehensive understanding of the eastern Indonesian
mixed water in the Flores and Banda Seas will provide a betseas is of great importance. This can be achieved by either ob-
ter understanding of such a process, which in turn maintainservational studies through the INSTANT program, numerical
the properties of the water in the Seas, and hence fisheriédvestigations through a series of simulations or laboratory ex-
stocks (www.marine.csiro.au). periments through an approach of geophysical fluid dynamics.
In response to this, an international team of scientists from
five countries (Indonesia, Australia, United States, France and
Netherlands) established INSTANT (International Nusantara VI. CONCLUSION
Stratification and Transport), a regional ocean monitoring pro-
gram within Indonesian seas. This program includes the de- A laboratory study of mixing in exchange flows through
ployment of a series of moored instruments to directly meaa contracting channel that connects two reservoirs of water
sure sea-level and in situ temperature, velocity and salinity ofith different densities is presented. In general, changes in
the ITF at full depth. First moorings were already initiated the characteristics of water masses in the constricted channel
in August 2003 using the Australian Research-Vessel (RVpccur through internal mixing, the process which may also oc-
Southern Surveyor, which will be followed by the second de-cur in the eastern Indonesian seas. Existing internal hydraulic
ployment in June 2005 using the Indonesian RV Baruna Jayaheory has been used to predict the maximal two layer ex-
An interesting research of upwelling processes in relatiorchange flux expected in the channel. The theory has also been
to abundance of chlorophyll and fish catches in some coastaixtended to accommodate the effect of internal mixing on the
areas of the Indonesian seas was carried out by Hendiarti et dlow. The most obvious effect of the mixing in the exchange
[26]. During South-East (SE) monsoon from July to Septemflow is to reduce the horizontal transport compared with the
ber 2001, they observed that upwelling occurring along thénydraulic prediction. There is good agreement between the
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current research and previous work. Both confirm that thesive research on oceanography which relates to environmental
horizontal flux decreases as the intensity of vertical mixingprocesses in the ocean is required to predict the quality of wa-
increases. The reduction in net mass flux may be weaklyer within the Indonesian seas more accurately. Secondly, the
dependent upon the constriction width, and was found to b8anda Sea and its surrounding seas must be taken into account
around 82% of the maximal exchange based on the idealizeid the research since they may give a solution to the govern-
hydraulic solution. ment in improving low income rates among Indonesians.

However, much remains to be understood about mixing in
stratified exchange flows despite continual improvements in
measurement techniques in the laboratory. The observed time
dependence of the mixing efficiency, for example, remains un-
explained. As thought to occur in The ITF where the exchange
is largely in one direction, a mean flow can also be added infu- The author is supported by an AusAID scholarship for
ture work. This represents barotropic forcing, which is likely the doctorate degree in Research School of Earth Sciences
to exist in real cases (compared with the current researcfRSES), The Australian National University (ANU). This re-
purely baroclinic exchanges). In order to improve understandsearch is part of the PhD project, and is mainly based on a
ing of the physical processes in the ocean that can benefit tmid-term report submitted to the Postgraduate Convenor of
Indonesia in terms of economic values, such as agriculturalhe University. The author would like to thank supervisor
products and fisheries stocks particularly in the eastern InProf. Ross Griffiths, co-supervisors Dr. Graham Hughes and
donesian seas, we need to know about the net effect of mixinBr. Andy Hogg for their best guidance and support, Tony
on sea-air fluxes and its efficiency. Two promising suggesBeasley and Brad Ferguson for their technical assistance dur-
tions in relation to this are made. Firstly, further and inten-ing the work.
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