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Abstract

The Indonesian Throughflow transports warm and fresh Pacific waters into the
Indian Ocean and is a major tropical pathway of the global thermohaline circulation. An
important paleoclimatic question is to what extent lowered sea level at the Last Glacial
Maximum effected the Indonesian Throughflow by restricting the gateways aperture. In
this study, a regional dynamics of the Indonesian Throughflow are analysed for present-
day and Last Glacial Maximum conditions. The focus of the study is on the impact of
changes in Indonesian Gateways configuration on ocean circulation and distribution of
marine organisms.

A high resolution regional ocean model with seasonal forcing is used to simulate
mean climatic circulation through the Indonesian Gateways. During the Last Glacial
Maximum, both bathymetry and climate conditions were different. Relative importance
of individual effects is investigated by separately testing the sensitivity of the ITF
volume and heat transport to the sea level lowering and to the glacial climate
conditions.

The closure of the main passages is expected to reduce mean ITF transport during
the glacial period. However, model results show that reduction in the glacial sea level of
120 m does not seem to be sufficient to severely block the flow within the Makassar
Strait as the main passage of the Throughflow. An important impact of topographic
changes is found in the vertical profile of the flow. Reduction in sill depth and absence
of low buoyancy surface waters due to the exposure of shelf area lead to intensification
of surface flow within Makassar Strait. Moreover, the seasonality of the surface flow is
changed compared to the present-day. Both effects might have significant impact on the
heat transport towards the Indian Ocean.

A strong impact of individual passages on ITF profile and seasonal variability
emphasis the role of Indonesian Gateways on modulating the water masses exchange
between the Pacific and the Indian Ocean. However, the intensity of the Throughflow
seems to be highly dependant on the boundary conditions. Glacial climate conditions
lead to reduction in ITF transport which might be related to several factors out of scope
of regional dynamics. Such factors could include glacial changes in wind stress over
Pacific, changes in density gradient between Pacific and Indian Ocean or overall El-
Nifio conditions over the tropical Pacific.

In addition, by calculating Lagrangian trajectories, main pathways, velocities of
propagation and probabilities of exchange of marine biota between the Pacific and the
Indian Ocean can be assessed. The developed patterns of distribution can be in the
future compared with sedimentological evidence from the region.
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1. Introduction

1.1 The Indonesian Throughflow and the global climate system

The returning surface branch of the global thermohaline circulation (THC), that
carries the warm and fresh Pacific water through the Indonesian Gateways into the
Indian Ocean, is known as the Indonesian Throughflow (ITF). The Indonesian
Gateways form one of the major pathways in the global conveyor belt and the only
tropical ocean connection between the major ocean basins. Through its role in the mass,
heat and salt exchange between the Pacific and the Indian Ocean, the ITF is believed to
have a significant impact on the ocean circulation and climate.

The bulk of mass transport is confined in the top 500 m [Meyers et al., 1995;
Gordon et al., 1999; Wajsowicz et al., 2003]. The ITF effects the mass balance of the
Pacific Ocean by exporting the North Pacific thermocline waters into the Indian Ocean
which would be otherwise returned into the West Pacific equatorial current system
[Gordon, 1986; Gordon et al., 2003]. The equatorial upwelling in the Pacific is further
intensified with the strong Throughflow [Hirst and Godfrey, 1993; 1994]. In the Indian
Ocean, the ITF water proceeds westward enhancing the South Equatorial Current
(SEC). The main flow crosses the Indian Ocean, while the remaining part flows
southward and south eastward where it sinks near the West Australian coast. The
downwelled flow further reverses into the undercurrent that returns back towards
Madagascar. The Agulhas Current is strengthened both by the direct flow across the
Indian Ocean and by the return flow below 500m from the downwelling off western
Australia. Therefore, the ITF influences both horizontal and vertical circulation in the
Indian Ocean.
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Figure 1-1 Schematic diagram of the global ocean conveyer belt (after W. Broecker, modified by E.
Maier-Reimer).



The magnitude of the heat transported by the ITF into the Indian Ocean is
approximately 0.5 PW which makes a substantial loss for the equatorial Pacific Ocean
heat budget. The main thermal response to enhanced ITF is warming of the upper Indian
Ocean and cooling of the upper Pacific Ocean. Model experiments with blocked
Indonesian Passages [Hirst and Godfrey, 1993; Godfrey, 1996; Schneider and Barnett,
1997; Schneider, 1998, Wajsowicz and Schneider, 2002] show largest temperature
differences in the main thermocline, while the sea surface temperature (SST) signal is
small in both oceans except for the regions with strong upwelling or convective mixing
such as the Agulhas Current, the downwelling region off western Australia, the Tasman
Sea and the equatorial upwelling zones in the Pacific Ocean. The enhanced ITF heat
transport leads to strengthening of the Leeuwin Current system by increasing the steric
height off northwestern Australian coast [ Godfrey, 1996; Tomczak and Godfrey, 1994].

Due to its geographical positioning the ITF is an integral part of the tropical
climate system. Specifically, the ITF plays an important role in the tropical ocean-
atmosphere coupling by influencing the position and extent of the West Pacific Warm
Pool (WPWP). Results from the coupled ocean-atmosphere general circulation model
(AOGCM) [Schneider and Barnett, 1997; Schneider, 1998] show that the intensified
Throughflow shifts the warm pool and the centres of deep convection in the atmosphere
further west. As a result, the atmospheric pressure in the entire tropics and the related
surface wind stress is changed. Blocking of the ITF results in an ENSO-like signal in
the Pacific and pattern similar to the Indian Dipole Mode over the Indian Ocean
[Wajsowicz and Schneider, 2002]. In the Indian Ocean, blocking of the ITF is
associated with colder SSTs in the eastern Indian Ocean and warmer temperatures in the
western basin. The resulting wind signal is an increase in southeast trades over the
Indian Ocean. Accompanying precipitation anomalies show a northward shift in rainfall
from Indonesia and small increase of rainfall over East Africa. The response of the
Pacific Ocean is an enhanced warming in the eastern equatorial Pacific associated with
increased westerly anomalies in wind stress and rise in precipitation along the equator.

1.2 Present-day circulation

The Indonesian Gateways topography consist of numerous islands with narrow
passages in between them, shallow seas (Java Sea, Arafura Sea) and deep ocean basins
(Celebes Sea, Banda Sea). A system of both shallow (Lombok Strait (250 — 300 m),
intermediate (Makassar Strait (680 m), Ombai Strait (~1000 m) and deep ocean
passages (Lifamotola Passage (1940 m), Timor Passage (1200 — 1500 m)) separates the
major seas (Figure 1-2). The ITF is formed in the complex equatorial current system in
the Western Pacific. The southward flowing Mindanao Current (MC) carries subtropical
North Pacific water towards the equator. At the entrance of the Indonesian Seas, the MC
splits into the ITF and the eastward flowing North Equatorial Countercurrent (NECC)
forming the Mindanao Eddy (ME). South Pacific waters are carried by the South
Equatorial Current (SEC) that partly enters the Indonesian Gateways near the
Halmahera Island forming the Halmahera Eddy (HE) and partly turns eastward joining
the NECC [Godfrey, 1996; Gordon, 2001]. The observations based on hydrography
[Wyrtki, 1987; Gordon, 1986; Ffield and Gordon, 1992; Bingham and Lukas, 1994;
Ilahude and Gordon, 1996; Gordon and Fine, 1996], drifters [Lukas et al., 1991] and
tritium content [Fine, 1985] from the West Pacific and Indian Ocean indicate that in the
upper 500 m, the ITF source water originates mainly from the North Pacific thermocline
and intermediate waters. In the deep channels at the eastern entrance to the



Indonesian archipelago, South Pacific water infiltrates the lower thermocline and deep
layers [van Aken et al., 1988; Ilahude and Gordon, 1996; Gordon and Fine, 1996;
Hautala et al., 1996; Gordon and McClean, 1999]. Inside the Indonesian Seas, the main
path of the ITF is through the westernmost Celebes Sea and Makassar Strait [Ffield and
Gordon, 1992]. While part of the flow enters the Indian Ocean through Lombok Strait
[Murray and Arief, 1998; Murray et al., 1989; Meyers et al., 1995; Arief and Murray,
1996], the bulk of the flow turns eastward via the Flores Sea towards the Banda Sea.
Finally, the flow exits into the Indian Ocean through the Ombai Strait and Timor
Passage to join the SEC [Fieux et al., 1994; Hautala et al., 1996; Gordon and Fine;
1996, Hautala et al., 2001; Potemra et al., 2003]. Additional South Pacific waters enter
the Gateways near Halmahera flowing into the Banda Sea [///ahude and Gordon, 1996].

Estimating the ITF transport magnitude and variability has been a challenging
task for both observational and modelling oceanography in recent years due to the
complex equatorial ocean dynamics and the complicated topography of the Indonesian
Gateways. Considering that all of the equatorial Western Pacific currents are of the
similar order of magnitude as the ITF and show strong variability, the balance between
the given currents and related intensity of the ITF is still not well understood. Estimates
of the ITF volume transport range from almost 0 to 20 Sv depending on the method and
data used in calculation [Wyrtki, 1961; Murray and Arief, 1988; Fieux et al., 1994;
Meyers et al., 1995; Gordon et al., 1999; Hautala et al., 2001; Molcard et al., 2001;
Susanto and Gordon, 2004]. Several observational programs monitoring the
Throughflow exist (ARLINDO, JADE, TOGA-WOCE; see Siedler et al. [2001] for
review). However, long-term simultaneous measurements within both inflow and
outflow passages to unambiguously determine the mean magnitude of the ITF are still
lacking. Based on the recent mooring measurements in Makassar Strait [Gordon et al.,
1999; Wajsowicz et al., 2003; Susanto and Gordon, 2004], as the main passage of the
Throughflow and estimates of the transport in the outflow passages [Murray and Arief,
1988; Creswell et al., 1993; Molcard et al., 1994; 1996; 2001; Hautala et al., 2001] a
general agreement is found where the ITF carries approximately 10 Sv of Pacific waters
towards the Indian Ocean [Gordon, 2001].

The ITF transport shows high variability on both inter and intra-annual time-
scales. The seasonal cycle is characterized by the monsoonal wind change. The
transport within Makassar Strait is strongest in boreal summer during the southeastern
(SE) monsoon with its maximum in June. The flow is weakest in boreal winter during
the northwestern (NW) monsoon with its maximum in December [Gordon et al., 1999,
Gordon et al., 2003]. The transport time series based on the shallow pressure gauge and
ADCP data in the main outflow passages (Lombok Strait, Sumba Strait, Ombai Strait,
Savu/Dao Strait and Timor Passage) show similar mean annual cycle as in Makassar
Strait [Hautala et al., 2001]. However, possible differences in timing of the outflow
transport relative to the transport from the inflow passages point to the convergence in
the Indonesian Seas [Gordon and Susanto, 2001; Potemra et al., 2003].
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Figure 1-2 Main current system of the Indonesian Gateways with annual mean volume transport values
within the main passages modified from Gordon [2001] and Gordon et al. [2003] and drawn on a
topographic map derived from the ETOPOS bathymetric data set [NOA4, 1988].

The relationship between inter-annual fluctuations of the ITF and the EI-Nifio
Southern Oscillation (ENSO) has been widely discussed. The variations associated with
ENSO show a maximum during the La Nifia and minimum during the El Nifio events,
with the peak to peak amplitude of 5 Sv [Meyers, 1996]. The modelling experiments of
Murtugudde et al. [1998] confirmed that the Pacific Ocean wind stress exerts control
over the ENSO related inter-annual variability of the ITF and showed that downstream
and local winds in the Indian Ocean might play a significant role. Even though, the
correlation between the ITF and the ENSO signal is well established, the feedback
mechanisms and the ITF control an ENSO are still not well known.

1.3 What drives the Indonesian Throughflow?

In his early work, Wyrtki [1961; 1987] suggested that the ITF is driven by a
pressure head between the Pacific and Indian Ocean. Wyrtki based his hypothesis on
hydrographic observations, sea level records, ship drifts and climatological wind
patterns and provided a first estimate of the ITF magnitude. His assumption was that the
ITF magnitude can be correlated with the sea-level difference between Davao
(Philippines, West Pacific) and Darwin (Australia, East Indian Ocean). However, the
Davao record was found to be a poor indicator of sea-level variability in the western
Pacific, as the signal was influenced by the high-frequency fluctuations of the unstable
Mindanao Current and other off-equatorial signals [Clarke and Liu, 1993]. These
studies left open questions as what controls the pressure head between the Pacific and



Indian Ocean on the long-term mean and how to asses the variability of the
Throughflow.

Godfrey [1989] formulated an island rule based on a Sverdrup model to estimate
the mean ITF magnitude. The island rule is derived by integrating the depth-averaged,
linear, horizontal momentum equations for the stratified ocean, subjected to a wind
forcing. In the simplest formulation, the island rule states that the long-term (inter-
annual or longer time-scales) depth-integrated transport of the ITF can be obtained by
the wind stress line integral across the Pacific and around Australia and New Guinea
(Figure 1-3). The prevailing winds cause an increase in sea level on the western side of
the oceans and a lowering on the eastern side. Additional components to the island rule
include topographic and frictional effects as well as the pressure difference between the
northern and southern entrances to the Indonesian Seas that balances the alongshore
wind stress. Godfrey’s island rule gives an estimate of the net mean depth-integrated
transport of 16 + 4 Sv (Sv = 10° m’s™) using annual mean wind stress. The value is
considered too large compared to the observational estimates of the mean ITF transport
of approximately 10 — 12 Sv [Godfrey and Golding, 1981; Fu, 1986; Murray and Arief,
1988; Meyers et al., 1995; Gordon et al., 1999; Wajsowicz et al., 2003]. This implies
that frictional and topographic effects might play a significant role in reducing the net
Pacific to Indian Ocean transport.

Wajsowicz [1993a, b; 1994] further modified Godfrey’s island rule to account for
the complex geometry of the Indonesian Gateways by including the bottom topography,
frictional effects and multiple straits. The resulting analytical model shows that the
narrow channels in the Indonesian archipelago could indeed reduce the net transport due
to the frictional effects. However, estimates of frictional contribution are dependent on
the parameterization and boundary conditions adopted in the model. The transport
reduction ranged from 5% to 20%. Including multiple straits, specifically Halmahera
Island, in the analytical derivation of the island rule, leads to the redistribution of the
ITF source water between the North and South Pacific. In this case, preference is given
to the North Pacific source which is in consistence with the observations [Gordon,
1986; Lukas et al., 1991]. Wajsowicz [1993a] further suggested that the topographic
effects can be described by the Joint Effect of Baroclinicity and Relief (JEBAR effect)
[Huthnance, 1984] taking the simple sill representation of the Indonesian archipelago.
The shallow Indonesian sills intersect the level of no motion at which the horizontal
pressure gradients in the ocean are approximately zero. Due to the density difference
between the Pacific (warm, fresh) and Indian Ocean waters (cold, salty), a bottom
pressure gradient over the sill is induced. The net transport is, therefore, enhanced. In
this way, topography of the Indonesian archipelago can exert control over the mass and
heat balance between the Pacific and Indian Ocean.

In agreement with the modified island rule, ocean general circulation model
(OGCM) experiments [Wajsowicz, 1995; 1996] confirm that inter-annual variability in
the depth-integrated Throughflow is generated by wind stress variations over the
Pacific. However, a simple estimate of the magnitude and variability of the ITF using
the analytical model still seems to be problematic when topographic effects and density
driven flow are considered. Moreover, comparison of the inter-annual variations in
depth-integrated transport predicted by the theory and simulated by the coupled
AOGCM shows disagreement in both magnitude and phasing of the Throughflow
[ Wajsowicz and Schneider, 2002].



Figure 1-3 The geometry used in deriving Godfrey’s island rule. The depth-integrated transport of the
ITF can be obtained by calculating the wind stress line integral across the Pacific and around Australia
and New Guinea. Taken from Wajsowicz [1994].

A different approach was suggested by Andersson and Stigebrandt [2004] where
only density gradient between the Pacific and the Indian Ocean is considered to drive
the Throughflow. The Indonesian Seas are taken as part of the North Pacific water
masses assuming that the hydrographic properties do not change significantly within the
Gateways. A downstream buoyant pool is formed in the North Australian Basin, which
drives the upper flow from the Pacific towards the Indian Ocean due to the difference in
sea level. The ITF is then predicted from the simple geostrophic transport taking into
account the density difference and depth of the pool. Estimates of the ITF from the
hydrographic data of steric sea level gradient between the North Pacific and the North
Australian Basin compare well with the observed Throughflow (~10 Sv). However,
these estimates crucially depend on the width and depth of the pool as well as on the
reference temperature and salinity used in calculation.

The given theory of the Throughflow forcing still leaves unanswered the question
how to approach the Throughflow dynamics in order to predict the transport magnitude
and variability. A possible simplified description of the ITF that would also incorporate
accurate estimates of the transport would be an useful tool in studying long-term
climate changes.

1.4 Paleoclimatic changes during the Last Glacial Maximum

The most prominent impact of glacial climate conditions on the Indonesian
Gateways is the sea level lowering associated with the global ice-sheet growth.
Reconstructions of sea level change on the Sunda Shelf [Hanebuth et al., 2000] and the
North-Australian Bonaparte Gulf [Yokoyama et al., 2000] show that the sea level
lowering during the Last Glacial Maximum (LGM) (23-19 ky ago) reached between
120 and 136 m of ice volume equivalent. The estimate of 120 m sea level change
corresponds to the worldwide observational records and model calculations



[Peltier, 2002; Lambeck et al., 2002] of sea level fluctuations on the glacial-interglacial
time-scales. Land-sea distribution in the Indonesian Gateways changed significantly
with the lowering of the sea level (Figure 1-4). Java Sea was exposed and the
communication with the South China Sea was blocked. The North Australian Shelf was
dry and the overall exposed land area almost doubled [De Deckker et al., 2002]. The sea
level lowering closed most of the small and narrow Indonesian passages and
significantly changed the aperture of the main straits by reducing the width of the
channels and depth of the sills.

The Climate Long Range Investigation, Mapping and Prediction (CLIMAP)
[1981] reconstruction for the LGM climate shows no significant change in SSTs in the
Indo-Pacific Warm Pool (IPWP) compared to present-day (PD) values. However, recent
reconstructions of paleotemperatures based on oxygen isotopes and Mg/Ca ratios of
foraminiferal shells from the region suggest substantial cooling, ranging from 2°C to
5°C [Lea et al., 2000; Stott et al., 2002; Rosenthal et al., 2003; Visser et al., 2003]. New
estimates of SSTs based on multiproxy approach for the reconstruction of the glacial
ocean (MARGO) show not only cooling, but also a reduction of the extent of the warm
pool [Kucera et al., 2005; Barrows et al., 2000; Barrows and Juggins, 2005].

The sea surface salinity (SSS) reconstruction in the region is more ambiguous.
There are few observational sites where both Mg/Ca and oxygen isotope records are
used to estimate salinity changes. Based on 8'°0 measurements of planktonic
foraminifers, Martinez et al. [1997; 1999; 2002] and De Deckker et al. [2002] proposed
drier conditions in the IPWP region while SST changed minimally (2°C at most). De
Deckker et al. [2002] considered that the increase in land area would favour a drop in
precipitation and related increase in salinity throughout the region. Increases in salinity
were confirmed by both Mg/Ca and 8'*0 measurements in the Mindanao Sea [Stott et
al., 2002] and Makassar Strait [Visser et al., 2003]. This is, however, in contrast with
the salinity anomalies derived from the Sulu Sea [Rosenthal et al., 2003; Dannemann et
al., 2003; Oppo et al., 2003] and Ontong Java Plateau [Lea et al., 2000] where the data
indicate fresher conditions at the LGM.

Vegetation reconstructions based on the organic carbon records from the sediment
core recovered from Makassar Strait [Visser et al., 2004] suggest no significant change
in vegetation in the region indicating similar hydrological conditions possibly achieved
by strengthening the monsoon during the winter period. Changes in vegetation and
monsoonal activity have been also inferred from the pollen records from the Indonesian
region [van der Kaars et al., 2000; van der Kaars et al., 2001]. These findings point out
that regional wind forcing might be an important climatological factor.

Considering glacial to interglacial changes in the paleoproductivity and nutrient
utilization in the Timor Strait, Miiller and Opdyke [2000] suggested that the ITF was
reduced in strength during the glacial periods. The observed glacial increase in
productivity appears to be related to the weaker ITF transport. Today, spreading of the
ITF low salinity surface waters inhibits vertical mixing and reduces productivity in
Timor Strait. Weaker Throughflow and the sea level lowering during the LGM would,
therefore, enhance the possibility of upwelling and higher productivity.

Further indications for the reduction in the ITF strength has been deduced from
the clay mineral distribution in surface sediments between Indonesia and northwestern
Australia [Gingele et al., 2001a,b]. The distribution of clay minerals is closely related to
the surface and subsurface ocean currents. Characteristic assemblages of clay minerals
can be used as tracers for the Throughflow. Evidence from Timor Passage shows a
reduction in the current speed as indicated by the accumulation of finer material during
glacial periods. Decrease of kaolinite and chlorite originating from the Java Sea during
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the LGM could be related to overall reduced advection by the ITF. However, clay
mineral distribution is not only related to changes in the current system, but displays
changes in the geological setting and weathering conditions as well. Assumptions on the
changes in the land-sea distribution, hydrological cycle and related river runoff are,
therefore, necessary for the interpretation of the clay mineral patterns and are
prerequisite to determine the changes in the Throufghlow strength.

15°N
10°N
5°N
0°
5°S
10°S
15°S

20°Ss

25°8 -
105°E 1107 E 135 E 120°E 1255 E 130°E 1357 140°E

Figure 1-4 Topography of the Indonesian Gateways with lowered sea level by 120 m. Indicated are
locations of sampling sites used in sea level reconstruction (1) Hanebuth et al [2000] and (2) Yokoyama
et al [2000], paleoproductivity (7) Miiller and Opdyke [2000] and clay minerals analysis (8) Gingele et
al. [2001a,b]. Depicted are the coring sites of the LGM SST anomaly and SSS tendency based on 3'°0
records and Mg/Ca paleothermometry from (3) Visser et al. [2003], (4) Rosenthal et al. [2003], (5) Stott
et al. [2002] and (6) Lea et al. [2000].

Even though there has been a large interest in the past years to determine the role
of low-latitude dynamics in global climate variations on glacial-interglacial time-scales,
the number of paleoceanographic data from the tropical regions, especially from the
Indonesian Gateways, is still insufficient to clarify observed changes.

1.5 Scientific questions and objectives

The study of the low-latitude Indonesian Gateways is part of the DFG funded
project “Research Unit Ocean Gateways” investigating impacts of gateways on ocean
circulation, climate and evolution. The Indonesian Gateways are one of the key regions
in the global THC controlling heat and freshwater flux from the Pacific to the Indian
Ocean. Taking into account that the shutting off of the ITF has significant impact on the
tropical climate the question arises whether the partial closing of the Indonesian
passages such as during the LGM changes the ITF magnitude. Coarse resolution



climate models do not properly resolve the Indonesian passages and dynamical aspects
of the circulation inside the Indonesian Seas. The aim of this study is to determine the
impact of topographic changes on glacial-interglacial time-scales on the ITF by using a
regional high-resolution ocean model. The main questions addressed are:
e to what extent the glacial sea level lowering effects the ITF volume and
heat transport?
e in which way ocean dynamics within the main passages influence vertical
structure and variations of the ITF?
e what controls the ITF magnitude under glacial conditions?

Additional particle tracing experiments are designed to investigate the exchange
of marine biota and distribution of sedimentological/geochemical tracers through the
Indonesian passages under present-day and glacial conditions. The focus of the
experiments is on main pathways of the particles within the Indonesian Seas, possible
changes in particle exchange within main passages under glacial climate conditions and
how are the particle distribution and velocity of propagation related to particles origin,
depth and seasonal variations of the flow. The resulting patterns of glacial-interglacial
particle dispersal can be, in the future, compared with micropaleontological and
sedimentological evidence from the region or used as help in selection of future
sampling sites.



2. Modelling the Indonesian Throughflow

The Indonesian Throughflow has been a subject of investigation in numerous
analytical and numerical studies. In an early study of Hirst and Godfrey [1994] a depth-
integrated numerical ocean model, has been used to test the hypothesis of the Godfrey’s
island rule as to show that it is indeed the wind stress governing the Throughflow. The
relationship between the wind stress and the ITF on inter-annual time-scales has been
further investigated in the numerical model of Wajsowicz [1995; 1996]. The study of
Wajsowicz [1995; 1996] has shown that the variability in the ITF largely correlates with
wind variations. However, topographic effects might be the reason for the disagreement
between the ITF estimates from the island rule and the observations. Schiller et al.
[1996; 1998; 2004] investigated mixing of the water masses inside the Indonesian Seas
using a global OGCM. The results pointed out to the strong mixing occurring in the
Indonesian Seas possibly due to tidally induced vertical mixing.

The complexity of topography of the Indonesian Gateways has so far been
difficult to assess in global model simulations. The regional study of the ITF with
realistic topography has been investigated with a barotropic numerical model [Burnett
et al., 2003; Kamenkovich et al., 2003]. An analysis of the momentum and energy
balance in the model showed that the total transport of the ITF correlates with the
pressure gradient between the Davao (North Pacific) and Darwin (Indian Ocean) on
seasonal time-scale. Other factors, including local wind stress, bottom form stress and
the resultant forces acting on the internal sides have a large impact on the ITF. The
model formulation, however, did not include density driven flow.

Here, a regional OGCM is applied to simulate ITF dynamics. The model
incorporates high resolution of the bottom topography and coastline and small-scale
processes and is therefore suitable to simulate the interactions between the flow and the
complex topography of the Indonesian Gateways. The model experiments are designed
to test sensitivity of the ITF circulation to topographic changes. Special attention is
given to the representation of the boundary forcing in the regional model and its role in
controlling the Throughflow.

2.1 MIT general circulation model

Experiments are performed with the MIT General Circulation Model [Marshall et
al., 1997a, b], a primitive equations numerical model with z-coordinates in the vertical.
The MITgem is designed for both process and general circulation studies of the
atmosphere, ocean and climate. In the ocean, the MITgem has been successfully used in
study of whole range of phenomena from small-scale process, such as convection and
mixing over topography and boundary forced internal waves to large-scale processes
such as study of gyres in the ocean [Herbaut et al., 2001] and global state estimation
[Stammer et al., 2001; 2003] as well as estimating atmospheric fluxes [Huang and
Mehta, 2004].

The state of the ocean is described by a set of primitive equations that include
equations of motion, continuity, state and thermodynamics (Appendix B). The general
circulation model is based on numerical solutions of the incompressible Navier Stokes
equations supporting both hydrostatic and non-hydrostatic formulations. The model grid
uses curvilinear orthogonal horizontal coordinates and z-coordinate in vertical.
Numerical discretization algorithms employed in the model are based on the finite
volume approach compared to the finite difference techniques used generally in
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ocean models [Marshall et al., 1997b]. The finite volume technique is equivalent to the
flux-form finite difference technique in the interior of the ocean, but on the boundaries
it allows irregular representation of the topography and coastline by using shaved cells
to fit the topography [Adcroft et al., 1997]. In this way, the model performance
compares to the terrain following coordinates models in simulating interactions between
the flow and topography, but at the same time avoids the common problems of the
terrain following models such as the pressure-gradient error. The model uses a
staggered grid analogous to the Arakawa C grid. Formulation of model can support
Cartesian, spherical-polar or curvilinear coordinate system. The time stepping follows
quasi second-order Adams-Bashforth method for explicit terms in both the momentum
and tracer equations. Vertical diffusion and viscosity is treated implicitly in time using
the backward method. The time stepping in the model is synchronous with possibility of
staggering in time the thermodynamic variables with flow variables. The surface
pressure or height can be described either by prognostic or diagnostic equation with
hydrostatic or non-hydrostatic formulation giving several options for the basic
formulation of the model.

Momentum equations use Laplacian and biharmonic lateral viscosity and
Laplacian vertical dissipation with no-slip or free slip lateral boundary conditions. The
bottom drag represents additional friction to the no-slip conditions as a linear or
quadratic function of the mean flow above the topography. The tracer equations use
optional linear or non-linear advection schemes and Laplacian or biharmonic
formulation for diffusivity. The linear advection schemes include centred second-order,
centred fourth order, first order upwind and upwind biased third order. Subgrid scale
processes are treated with numerous physical parameterizations such as the Gent-
McWilliams eddy parameterization, KPP mixing scheme and PV flux parameterization.
Two forms of the equation of state are available: linear with the specified thermal and
haline expansion coefficients and polynomial. Polynomial coefficients are generated by
the Knudsen algorithm or optional higher polynomial formulations of the equations of
state such as UNESCO [Fofonoff and Millard, 1983] and modified UNESCO formulas
can be used.

2.2 Model configuration

The model domain covers the Indonesian Seas from 105°E - 140°E and 20°S -
10°N (Figure 2-1). The horizontal resolution of the model is 1/6° in both zonal and
meridional direction and it has 25 vertical levels with resolution ranging from 10 m near
the surface to 500 m close to 4500 m depth. The model bathymetry is derived from the
5-min ETOPOS topography database [NOAA, 1988]. The topography is represented by
the shaved cells approach with defined minimum fraction of the layer thickness (hFac).
Representation of the topography in the main passages is illustrated in Figure 2-2. The
basic formulation of the numerical algorithms used in experiments is the semi-implicit
pressure method for hydrostatic equations with an implicit linear free-surface and
variables co-located in time and with Adams-Bashfort time stepping.
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Figure 2-1 Model domain and bathymetry (m) of the Indonesian Gateways with indicated cross-sections
through the main passages used in calculation: (1) Makassar Strait, (2) Sulawesi — New Guinea, (3)
Lombok Strait, (4) Ombai Strait, (5) Timor Passage, (6) Timor and Ombai Strait (TOS), (7) ITF total.
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Figure 2-2 Representation of the topography in the main passages: Makassar Strait (upper left), Lombok
Strait (upper right), Ombai Strait (lower left) and Timor Strait (lower right).
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The equation of state is formulated by polynomial approximation with Knudsen
algorithm using grid specific polynomial coefficients. Overview of the model
parameters is given in Table 2-1. Duration of model integration is at least 5 years with
the time stepping of 10 min, which follows stability criteria for the given spatial
resolution. The first 2 months of the initial adjustment are excluded from the analysis.
The model approaches energy equilibrium after approximately 3 years of integration.
Tidal mixing is not implemented in the MITgem formulation and possible effects of
different mixing parameterizations could be in future investigated in the model.

The model is initialized with potential temperature and salinity for the month
January taken from the monthly climatological data. For the experiments of the present-
day climate, initial hydrography is taken from the World Ocean Atlas 1998 [Conkright
et al., 1998]. In the glacial experiments, the initial field is interpolated from the global
OGCM MOM experiment for the LGM conditions [Paul and Schdfer-Neth, 2003].
Initial velocity field is set to zero.

Table 2-1 MITgcm configuration

Model parameter Value

Horizontal grid 1/6° x 1/6°
Vertical grid 25 levels
Time-stepping 600 s
Boundary conditions free slip
Lateral boundary OBC
Viscosity horizontal biharmonic: 10" m*s™

vertical Laplacian: 10~ m?s™!
Diffusion horizontal Laplacian: 10° m?s™

vertical Laplacian: 10 m?s™

Equation of state
hFac minimum
Mixing

Advection scheme
Surface forcing

polynomial
0.2
implicit viscosity
implicit diffusion
centred 2™ order
monthly climatology

2.3 Boundary forcing and source data

The forcing in the model is applied through surface and lateral boundary
conditions. The forcing by atmosphere includes wind stress forcing and surface heat and
freshwater fluxes represented in the model by restoring the SST and SSS to
climatological values. For the purpose of this study, only seasonal variations are
included in the boundary forcing. The forcing fields are varied on a monthly time-scale
with annual periodicity. The main focus of the experiments is to establish and compare
mean climatological dynamics for the present-day and LGM climate. High uncertainty
in the glacial boundary conditions presents additional limitation when including more
realistic forcing to simulate the Throughflow. For this reason, inter-annual variability in
the boundary conditions related to internal modes of the Pacific and Indian Ocean such
as ENSO events or Indian Ocean dipole is not considered. High-frequency variability in
forcing such as Kelvin waves or variations in the local wind stress has been also
neglected. The climatological data sets are available at IRI/LDEO Climate Data Library
(http://ingrid.ldgo.columbia.edu). The overview of source data is given in Table 2-2.
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Table 2-2 Source data

Experiment Present-day Last Glacial Maximum
Wind stress Atlas of Surface Marine Data, NCEP + glacial anomaly, Paul and Schdfer-
Da Silva [1994] Neth [2003]
ECHAMS3 AOGCM, Lohmann and Lorenz.
[2000]
NCAR AOGCM, Shin et al. [2003]
SST/SSS WOA 98, Conkright et al.[1998] MOM OGCM, Paul and Schdfer-Neth [2003]
Heat fluxes NCEP, Kalnay et al. [1996] NCAR AOGCM, Shin et al. [2003]
OBC PD MOM OGCM, Paul and LGM MOM OGCM, Paul and Schdfer-Neth
Schdfer-Neth [2003] [2003]
ECCO, Stammer et al. [2003] NCAR AOGCM, Shin et al. [2003]

2.3.1 Wind stress

For the present-day conditions the model is forced with monthly wind stress data
derived from the Atlas of Surface Marine Data [da Silva et al., 1994] (Figure 2-3).
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Figure 2-3 Present-day monthly wind stress forcing (Nm™) [da Silva et al., 1994].

The glacial wind stress data are based on the model simulations for the LGM
climate (Figure 2-4). Glacial wind forcing is derived from the atmospheric general
circulation model (AGCM) ECHAM3 [Lohmann and Lorenz, 2000] experiments
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for the LGM conditions. The wind field is calculated by taking the difference between
the control and the LGM simulation of the AGCM experiment and adding the anomaly
to the NCEP monthly climatology [Paul and Schdfer-Neth, 2003]. Additional glacial
wind stress data are used to test the sensitivity of the circulation to the wind forcing: the
sensitivity LGM experiment of the AGCM ECHAM3 [Lohmann and Lorenz, 2000]
forced with the CLIMAP [1981] surface boundary conditions with cooled tropics and
glacial wind stress from the coupled ocean-atmosphere model output of the NCAR
Climate System Model (CSM) [Shin et al., 2003] (Figure 2-4).
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Figure 2-4 Glacial wind stress (Nm™) for January — NW monsoon (left) and July — SE monsoon (right)
taken from model simulations of Paul and Schdfer-Neth [2003] (top), Lohmann and Lorenz [2000]

(middle) and Shin et al. [2003] (bottom).
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2.3.2 Surface heat and fresh water fluxes

Due to the poor constraints of the heat and salt surface fluxes for the glacial
climate, restoration of sea surface temperature and salinity is used instead. The SST and
SSS are relaxed to the climatological values on a time-scale of 30 days. The sensitivity
of the circulation to surface heat fluxes and their impact on the ocean heat balance is
additionally tested for the present-day conditions (see 3.6.2).

Sea surface temperature and salinity for present-day conditions are taken from the
monthly climatology of the 1998 World Ocean Atlas [Conkright et al., 1998] (Figure
2-4; Figure 2-6). The surface heat fluxes in the sensitivity experiment are derived from
the monthly NOAA NCEP/NCAR Reanalysis Project surface data [Kalnay et al., 1996].
The glacial boundary conditions for temperature and salinity are adopted from the
global OGCM MOM experiment of Paul and Schdifer-Neth [2003] for the LGM
climate. The SSTs in the global ocean model are based on compilation of reconstructed
temperature data for the LGM. However, the Pacific and Indian Ocean SSTs have been
restored to the CLIMAP [1981] temperature [Paul and Schdfer-Neth, 2003]. The glacial
SSS data are based on the 8'0 measurements where available. Otherwise global
salinity anomaly of 1.02 psu is added to the climatological values.

The glacial SSTs taken from the OGCM MOM experiment (Figure 2-5 right) are
in average lower by approximately 2°C compared to the PD values. Strong cooling (3—
5°C) is found off western Australian coast and in the South China Sea, while within
Indonesian Gateways and equatorial West Pacific the temperature anomaly is small (1—
2°C). Glacial SSS values in the OGCM MOM simulation (Figure 2-6 right) are higher
by approximately 1 psu and show similar regional pattern as for the PD conditions.
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Figure 2-5 Mean annual sea surface temperature for present day [WOA 98] (left) and glacial conditions
[Paul and Schdfer-Neth, 2003] (right).
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Figure 2-6 Mean annual sea surface salinity for present day [WOA 98] (left) and glacial conditions [Paul
and Schdfer-Neth, 2003] (right).

The glacial temperature and salinity field is compared with the coupled ocean-
atmosphere simulation from the NCAR CSM [Shin et al., 2003] for the LGM climate
(Figure 2-7). Both models show mean decrease in glacial SST by approximately 2°C,
while the glacial SSS have been raised by approximately 1 psu compared to the control
simulation (Table 2-3). However, models show different regional patterns in glacial
SST and SSS anomalies. The salinity values in the ITF region in the control NCAR
CSM simulation are significantly lower than observed so difference between the control
and LGM experiment is considered for comparison (Figure 2-8). The LGM NCAR
CSM model shows colder temperatures (2 — 3°C) in equatorial West Pacific compared
to observations and area of WPWP is decreased. Strong cooling can be also found off
West coast of Australia compared to the control simulation. Surface temperatures in
Indonesian Gateways, South China Sea and East Indian Ocean are colder by about 2°C.
Glacial SSS in the NCAR CSM experiment show higher values in the Indonesian
Gateways and near the coast of Australia by more than 1.4 psu compared to the control
simulation. Low salinity anomalies (0 — 1 psu) are found south of Java, in the equatorial
West Pacific and South China Sea.

Table 2-3 Comparison of global model estimates of the glacial anomaly for the SST and SSS in the
Indonesian Gateways (105°E — 140°E, 20°S — 10°N).

MOM [Paul and Schdfer-Neth, 2003] NCAR [Shin et al., 2003]
ASST (°C) -1.9+0.1 -2.0+£03
max: -2.1; min: -1.7 max: -3.3; min: -0.9
ASSS (psu) 1.18+0.02 0.8+0.5
max: 1.22; min: 1.15 max: 2.9; min: -0.4
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Figure 2-7 Glacial sea surface temperature (left) and salinity (right) from global NCAR CSM [Shin et al.,
2003].
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Figure 2-8 Sea surface temperature (left) and salinity (right) anomaly from LGM and control simulation
of NCAR CSM [Shin et al., 2003].
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2.3.3 Open boundary conditions

The regional model configuration implies specification of the dynamical variables
at the lateral boundaries. The simplest formulation of the lateral boundary conditions is
the closed domain where the velocities at the boundary walls are set to zero. The
MITgem open boundary conditions (OBC) are formulated by setting the Orlanski
radiation that allows propagation of the waves through the domain or prescribing the
values of the dynamical variables at the boundary grid points. The dynamical variables
include zonal (#) and meridional (v) velocity, potential temperature (¢) and salinity (S).
The values for the sea surface height (SSH) and vertical velocity (w) are used dependent
on the formulation of the free surface (non-linear free surface, non-hydrostatic
formulation). In order to maintain mass conservation in the model, the transport balance
between the inflow and outflow boundaries needs to be carefully set. The prescribed
variables at the lateral boundaries do not allow ocean dynamics to develop freely near
the boundary and possible discrepancies between the interior points and the boundary
may occur due to the ocean dynamics developed in the model that are not included or
differ from the boundary conditions. For this reason, the boundary and the nearby grid
points are generally disregarded when analysing the ocean dynamics and possible
additional damping near the boundary can be applied.

The model is setup with the four open lateral boundaries. Monthly climatologies
of potential temperature and salinity fields are prescribed at the lateral boundaries at the
inflow points. At the outflow points the temperature and salinity are taken from the
nearby point inside the domain. The climatological data are taken from the same
sources as for the surface values.

The velocity field at the lateral boundaries is taken from the global OGCM
simulation for present-day conditions [Paul and Schdfer-Neth, 2003] and interpolated
on the 1/6° horizontal resolution grid. The velocity at the western boundary at the Sunda
shelf (105°E, 2°S — 10°N) and northern boundary in the South China Sea (105°E - 125°
E, 10° N) is set to zero (Figure 2-9). The total volume transport is set to the annual
mean value of ~12 Sv which is close to the observations [Gordon, 2001] and held
constant throughout the simulation. In the glacial simulation, the total volume transport
was reduced by 1/3 in accordance with global model prediction for the ITF transport
during the LGM [MOM LGM experiment; Paul and Schdfer-Neth, 2003]. Values of the
inflow and outflow transport at the lateral boundaries are given in Table 2-4.

Table 2-4 Prescribed volume transport (Sv) at the boundaries. Negative values indicate southward or
westward velocities.

PD LGM

North 9.2 -6.1
105°E — 140°E, 10°N

East -3.0 -2
140°E, 20°S — 10°N

South 0.7 0.5
105°E - 140°E, 20°S

West -12.9 -8.6
105°E, 20°S — 10°N

Total -12.2 -8.1
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Figure 2-9 Depth integrated velocity (m2™) at the boundary walls for PD (solid line) and LGM
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2003].

Figure 2-10 Seasonal cycle of the boundary transport (Sv) prescribed at the inflow boundaries for the PD
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Sensitivity experiments are performed in which the boundary transport is varied
on a monthly time-scale with velocity fields interpolated from the OGCM MOM
experiments [Paul and Schdfer-Neth, 2003] for both PD and LGM conditions (Figure
2-10). The transport values show strong inflow for PD experiment during the SE
monsoon from April to August. In the LGM experiment maximum transport occurs
from July to September. For the sensitivity experiments configuration see also
experimental setup in the following chapters.

2.4 Particle-trajectory module

The Lagrangian particle-tracing module is implemented in the MITgem model.
The stepping of the float advection is done using a second order Runge-Kutta scheme
[Press et al., 1992], whereby velocities and positions are bilaterally interpolated
between the grid points. The original formulation of the float experiments is to simulate
the floats that drift in depth and to the surface at a defined time. However, the drifters
can be used as non-advective profiling floats for sampling dynamic variables at the
mooring position or as non-profiling drifters on a fixed level including the surface. The
implementation of the three-dimensional advection of the floats has not yet been
sufficiently tested in the model. For the purpose of this study the drifters are considered
weightless. A pre-defined vertical level of motion is used, therefore no vertical motion
of the floats is allowed (dz/dt=0). The drifters are flagged out when reaching the
outflow points at the lateral boundary or the coastline. In this way, the floats are
allowed to leave the domain via open boundaries. At each time-step velocity, potential
temperature, salinity and sea surface height at the float position is calculated. The
experiments are designed to investigate patterns of distribution of the floats from the
specific regions. The floats, therefore, represent potential marine organism or a tracer
being transported through the Indonesian Gateways via ocean circulation. To
incorporate temporal changes in the distribution patterns, the floats are released in the
region of interest in repetitive time intervals.
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3. Present-day Throughflow dynamics

3.1 Introduction

This chapter presents results of the experiments simulating the circulation in the
Indonesian Gateways under present-day climate conditions. The main characteristics of
the ITF are discussed and compared with the observations where possible. The focus of
the analysis is on the volume and heat transport of the ITF, considered separately in
inflow and outflow passages. The impact of topography on the vertical structure and
seasonal variability of the transport inside the main passages is investigated. For the
purpose of this study, only seasonal changes in ITF forcing are taken into account with
the objective to establish the mean climatological circulation inside the Indonesian
archipelago. For validation of the mean climatic characteristics of the ITF developed in
the model it is compared to model results with a global OGCM experiments of similar
resolution [ECCO project, Menemenlis, 2004] that include high-frequency surface
forcing (6-hour) and inter-annual variability as well. Additional sensitivity experiments
are performed to test the influence of the boundary conditions on the model developed
circulation. Influence of the wind forcing, surface heat fluxes and temporal and spatial
variations of the boundary currents are discussed.

Of the inflow passages, the main focus is on the dynamics in Makassar Strait as
the major passage for the ITF. The second entrance to the Indonesian Gateways,
through the eastern passages is between Sulawesi and Halmahera with the most
important deep Lifamotola Passage. The eastern inflow passages have, so far, been
poorly investigated and there are few data available to give reliable estimates of the
transport. The recent 2-year long mooring measurements in Makassar Strait (ARLINDO
project 1996-1998) provided a good description of the Throughflow dynamics within
the passage. Makassar Strait topography is characterized by the deep and narrow Labani
Channel (2000 m) and the broad and shallow Dewakang sill (~ 670 m) in the southern
Makassar Strait. The flow below the sill depth is zero or even reversed towards north
[Gordon et al., 1999]. There is no significant discontinuity in the density stratification
over the sill to indicate overflow processes [ Gordon, 2003]. However, the sill appears to
be a barrier for deep North Pacific waters to propagate towards south. The hydrographic
measurements in the Flores Sea south of the sill show higher salinity and oxygen
concentrations characteristic for the Indian Ocean. The available data are insufficient to
investigate the long-term variability of the Throughflow within Makassar Strait. The
mean annual cycle appears to be governed by local wind changes related to the
monsoonal cycle. Regarding the heat transport variability associated with the
monsoonal wind pattern Gordon [2003] proposed a mechanism on the basis of recent
current and temperature measurements in Makassar Strait. During boreal winter
monsoon low salinity Java Sea water enters the southern Makassar Strait and inhibits
surface warm water transport from the Pacific to the Indian Ocean. During boreal
summer, the wind reversal pushes the low salinity surface waters back into the Java Sea
and allows intensified southward surface transport through Makassar Strait.

The exit passages investigated in the model include Lombok Strait, Ombai Strait
and Timor Strait. The Lombok Strait is a narrow and shallow (250 — 300 m)
westernmost exit passage. The surface flow from Makassar Strait is considered to be
flowing directly through the Lombok Strait [Sprintall et al., 2000]. The seasonal
variability in the Lombok Strait derived form the CTD and pressure gauge
measurement shows strongest outflow during the SE monsoon [Murray and Arief,
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1988]. During the NW monsoon, the weak flow or reversal of the currents is observed
[Murray and Arief, 1988; Hautala et al., 2001]. Transport estimates based on January
1985 to March 1986 current meter mooring data [Murray and Arief, 1988] indicate that
Lombok Strait carries only a small part of the total transport (~1.7 Sv) compared to the
inflow from Makassar Strait.

A significant part of the Throughflow is considered to be flowing into the Indian
Ocean through Ombai Strait (4.5 — 5.0 Sv) [Hautala et al., 2001; Molcard et al. 2001].
The flow through Ombai Strait is restricted by sills of ~ 1000 m depth. Vertical profiles
of the flow shows two distinct modes with upper layer flow displaying episodic
reversals [Sprintall et al., 2000; Hautala et al. 2001]. The reversal of the surface flow
has been monitored during December and is most likely associated with the passage of
costal Kelvin waves [Chong et al., 2000; Molcard et al., 2001]. The mean flow is
strongest during the SE monsoon as observed in other exit passages. Although the mean
current is strongest in the upper 200 m, the deeper flow carries significant part of the
transport [Molcard et al., 2001].

The easternmost exit passage is the Timor Strait. Bathymetry of the Timor Strait
has two specific topographic structures: a shallow broad shelf and a deep passage (1300
— 1500 m) which allows deep water exchange with the Indian Ocean. Along the shelf a
shallow coastal current is formed. Based on ADCP measurements and complementary
historical data monitored in the strait in the period from 1976 to 1988, a total transport
estimate of about 7 Sv is suggested with half of the transport in the upper 350 m
[Creswell et al., 1993]. Data from moored current meters on the shelf show a southward
flowing coastal current transporting roughly 1 Sv towards the Indian Ocean with the
shelf transport exceeding 3 Sv during the autumn transitions of the monsoon [Creswell
et al., 1993]. More recent current meter moorings give estimates of the transport of 3.4
to 5.3 Sv for the layer 0-1250 m in period March 1992 to April 1993 [Molcard et al.,
1996]. Hydrological characteristics indicate presence of upper Indian Ocean Deep
Water near the bottom and opposite direction of the bottom flow is therefore expected.
The upper 500 m flow are under influence of monsoon regime variability and show
maximum of 3-4 Sv during the boreal spring and minimum of 1-2 Sv in boreal winter.
The deeper transport (500 — 1250 m) has minimum in August [Molcard et al., 1996].

The topographic barriers in the Indonesian Gateways redistribute the flow
originating from the Pacific and reshape the profile of the ITF. The long pathway
through the Indonesian Seas allows mixing of the waters by interactions with the
atmosphere and topography thus changing its original properties. Observations show
that individual passages have different variability in the transport associated with both
large-scale and local forcing and therefore control the magnitude and timing of the flow.
The aim of these experiments is to investigate the dynamics of the main passages and
their role in modulating the ITF.
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3.2 Experimental setup

The model configuration and data sources used in the control experiment for the
PD conditions are described in sections 2.2 and 2.3. Overview of the sensitivity
experiments designed to test the impact of lateral and surface boundary conditions on
the model developed circulation is given in Table 3-1.

Sensitivity to surface forcing is considered in the PD - no wind and PD — fluxes
experiments. In the PD — no wind simulation, the wind stress was switched off
compared to the PD — control experiment to test the influence of the local seasonal wind
forcing on the circulation.

Additional set of experiments were performed where total transport through the
lateral boundaries is not varied in time, but its magnitude was scaled by factors: 0.25,
0.5, 0.75, 1 and 1.5. Absence of wind stress forcing was additionally tested in
experiments with 0.5, 1 and 1.5 scaling. Seasonal variations are prescribed only for
surface and lateral temperature and salinity fields. The intention of these experiments is
to find response of the Makassar Strait volume transport to the prescribed total transport
at the boundaries which is not governed by regional dynamics, but larger scale balance
between Pacific and Indian Ocean.

Influence of surface heat fluxes on ocean circulation and heat transport is tested in
PD — fluxes experiments. Difference between applied monthly climatological heat
fluxes and surface restoring of temperatures is investigated.

Special attention is given to the representation of the lateral boundary currents.
Finding the correct representation of the inflow and outflow currents particularly in the
equatorial West Pacific is a difficult task since there are no reliable estimates of the
relative strength and temporal variability of the main currents.

In experiment PD — cyclic, temporal variability in the boundary transport is
considered by varying the velocity field with a repeating annual cycle. The monthly
averages of the velocity field are interpolated from the PD OGCM MOM experiment
[Paul and Schdifer-Neth, 2003].

Table 3-1 Overview of sensitivity experiments for the present-day (PD) climate conditions.

Experiment Wind stress Surface fluxes Lateral boundary velocity
PD - control monthly monthly restoring annual - MOM
PD - no wind no wind monthly restoring annual - MOM
PD - fluxes monthly/no wind monthly restoring/heat fluxes annual - MOM
PD - cyclic monthly monthly restoring monthly - MOM
PD - ecco monthly monthly restoring annual - ECCO

An additional experiment is designed to test the sensitivity of the circulation to
the spatial representation of the boundary currents where the velocity field is taken form
the global MITgcm output of ECCO project [Stammer et al., 2003]. In experiment PD —
ecco the boundary currents are interpolated from the 10-year average (1992-2002)
ECCO global run with 1° zonal and 0.3° meridional resolution (near the equator).
Experiment description and model configuration can be found at: http://www.ecco-
group.org, http://ecco.jpl.nasa.gov/datasets/ecco2.html. The transport is held constant at
long term mean annual values throughout the simulation. The high-resolution velocity
field gives a significantly different representation of boundary currents even though the
mean volume transport is similar (10.9 Sv compared to 12.2 Sv taken from the OGCM
MOM). The time mean, depth-integrated circulation developed in the OGCM MOM
and ECCO MITgcm is shown in Figure 3-1. Volume transports of the inflow and
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outflow currents are given in Table 3-2. The main difference appears in the West Pacific
equatorial currents. The representation of the north and east inflow boundary is
illustrated in Figure 3-2. The inflowing Mindanao Current has stronger amplitude in the
higher resolution model (ECCO) and the flow is more surface intensified. The eastern
boundary shows strong outflow with the NECC in the ECCO experiment, which is not
well distinguished in the low-resolution model.

Assuming that the ECCO model has more realistic representation of the West
Pacific boundary currents than the OGCM MOM, the purpose of this experiment is to
find to what extent representation of the boundary currents influences the ITF volume
and heat transport. If the ITF characteristics do not change significantly with the more
detailed spatial representation of the boundaries, the low-resolution model can be
further used as forcing for the ITF. Considering that high resolution model for LGM
climate is not available this would be a great advantage.

Table 3-2 Mean volume transport (Sv) of the main equatorial currents in the global model estimates.
Negative values indicate southward/westward velocities.

MOM ECCO
Mindanao Current (120°E — 135°E, 10°N) 9.4 -20.7
New Guinea Current (140°E, 4°S — 1°N) 2.4 -6.7
NECC (140°E, 2°N — 8°N) -2.0 19.6
SEC (105°E, 18°S — 6°S) -14.5 -11.8
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3.3 Mean circulation

The bulk of the ITF takes route through Makassar Strait. Deep water flow enters
the Indonesian region through the Lifamatola Passage between the Celebes and
Halmahera. Part of the surface flow exits through the Lombok Strait into the Indian
Ocean. The major part of the ITF waters turns eastward and exits the Indonesian
Gateways through the Ombai and Timor Passages (Figure 3-3).
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Figure 3-3 Mean annual depth-integrated flow (m?s™) through the Indonesian Gateways.

3.3.1 Volume transport

Horizontal volume transport (Q,) through the passage of width L and depth A(x) is
defined conventionally as integral of the velocity component (v) normal to a cross
section of the passage:

L 0

0.(t) = j j V(x, z,1)dzdx 3-1

0 —h(x)
The volume transport values through the main passages are given in Table 3-3.
The flow through Lombok Strait in the model is higher then observed (3.7 Sv compared
to 1.7 Sv [Murray and Arief, 1988]). The narrow Lombok Strait (~18 km width) had to
be widened in the model to 36.7 km due to the horizontal resolution of the model. This
might be one reason for the overestimated transport. Overall, the model produces mean
circulation patterns through the passages in reasonable agreement with the observations.
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Table 3-3 Volume transport (Sv) through the main Indonesian passages (for the location of transects see
Figure 2-1). Model results compared to the observations. Given are annual mean values and standard
deviations of the transports. The numbers in brackets show minimum and maximum value of the
transport. Positive values indicate southward transport towards the Indian Ocean.

Model transport Observations
Makassar Strait 93+1.3 9.3 +£2.5 Gordon et al. [1999]
(7.0-11.7) 8.1 £ 1.5 Susanto and Gordon [2004]
Sulawesi — New 24422 ~ 1-2 Gordon et al. [2000]
Guinea (-1.5-6.0)
Lombok Strait 3.7+£0.5 1.7+ 1.2 Murray and Arief [1988]
(3.0-49) 2.6 + 0.8 Hautala et al. [2001]
Ombai Strait 59+1.5 5.0 £ 1.0 Molcard et al. [2001]
(3.4-7.8)
Timor Passage 25+1.2 7.0 Creswell et al. [1993]
(0.8—-4.6) 4.5 £ 1.5 Molcard et al. [1994]
4.3 £ 1.0 Molcard et al. [1996]

3.3.2 Heat transport

The ocean heat content (Q) is given by:
0= pocpJ‘J‘J‘Gdzdxdy 3-2
Vv

where V' is the volume of the basin, ¢, is the specific heat capacity (~ 4000 Jkg'K") and
po 1s the water density (~ 1025 kgm™) (adopted from Stammer et al. [2003]). The rate of
heat change is then given by the sum of the divergence of heat transported by the ocean
(O») and net surface heat flux (Hp):

0

a—?:—V-Qh+HQ 3-3
The meridional ocean heat transport is defined as the zonally integrated meridional

temperature transport relative to the reference temperature (6,):
L 0

0, = poc, j j W6 — 0, )dzdx 3-4
0 —h(x)

The diffusion term in the heat transport formulation is usually small and is therefore
generally excluded from the calculation. The heat fluxes at the surface in the model are
given by relaxation on a monthly time-scale towards the climatological values. The
average difference between the top layer (5 m) temperature developed in the model and
the restoring temperature is ~ 1°C and does not exceed 2°C. In this case, the surface
heat fluxes are order of magnitude smaller (~ 0.01 PW) compared to the meridional
ocean heat transport and can be neglected. The absolute values of the heat transport
(relative to 0°C) and the heat transport relative to 3.4 °C are given in Table 3-4. The
3.4°C is the spatially averaged temperature of the return flow into the Pacific between
Australia and Antarctica [Schneider and Barnett, 1997]. The estimates of the meridional
heat transport through Makassar Strait agree well with the observational estimate of
0.58 PW or 0.45 PW relative to the 0°C or 3.4°C, respectively, for the volume transport
0of 9.4 Sv [Vranes et al., 2002].

Gordon and McClean, [1999] investigated relative importance of the ITF heat
input for the Indian Ocean heat budget using model and observational data. The ITF
heat transport valued 0.66 PW which accounted for 65% of the southern Indian Ocean
heat input. The remaining 35% where provided by solar radiation north of the
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Throughflow. However, mean volume transport in the model was underestimated (3.9
Sv) compared to the observations (9.3 Sv) [Gordon et al., 1999]. More recent global
ocean circulation estimates of volume, heat and freshwater fluxes using GCM
constrained by World Ocean Circulation Experiment (WOCE) data [Stammer et al.,
2003] give value of the ITF heat transport of 1.12 £ 0.5 PW relative to 0°C, while mean
volume transport values 11.5 + 5 Sv for the period 1993 — 2000. The model value of
0.83 = 0.14 PW for the total ITF heat transport relative to 0°C is in the range of
expected observational values. However, the term “heat transport” is only applicable
when mass balance is closed [Bohren and Albrecht, 1998].

Table 3-4 Heat transport Q (PW) through the main passages (for the location of transects see Figure 2-1).
The heat transport is given relative to the reference temperature. Positive values indicate transport
towards the Indian Ocean.

relative to 0°C relative to 3.4°C
Makassar Strait 0.61£0.10 0.48 = 0.09
Sulawesi — New Guinea 0.08 £0.23 0.05+0.20
Lombok Strait 0.34 +0.05 0.29 +£0.04
Ombai Strait 0.31+0.19 0.23+0.17
Timor Passage 0.12+0.11 0.09+0.09
TOS 043+0.11 0.31+0.11
ITF 0.83+0.14 0.65+0.14

The heat balance in the regional model with open boundaries is analysed by
calculating individual components of the heat transport in the ocean interior and at the
boundaries (Figure 3-4). Integrating the heat equation (Equation 3-3) in the model
domain between west (x) and east (xz) boundary starting from the north (yy), the net
heat divergence O, at the latitude y is given as:

0. 9=pie, | [[10-0 stz + pic, | j 00| +IH drdydz 3-5
YnXyh ynh Xy h

where first term is zonally integrated meridional temperature transport across the model
domain Q(y) minus component at the northern boundary Qy. Second term can be
separated into zonal heat transport at the eastern (Qr) and western (Qy) open boundaries
given as following:

Or ()= poc, ﬁu(ﬁ —0,)dydz 3-6
Oy (1) = pyc j ju(e 0, )dyd: 37

ynh Xy

The third term is temporal heat storage change:
Y Xg 0

Ovoree = | | J O dxdydz 3-8

Xy h

The heat equation in the model can now be simply written as:
Qnet (y) = Q(y) - QN (y) + QE (y) - QVV + Qsmrage 3_9

The resulting integrals are illustrated in Figure 3-4. The net heat transport shows
cooling of the ocean interior from 0.2 PW at the northern part reaching approximately
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0.35 PW at the southern boundary. The corresponding integrated NCEP climatological
surface flux [Kalnay et al., 1996] gives net heating of 0.35 PW over the model domain.
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Figure 3-4 Net heat flux (Q,) in the model is calculated using zonally integrated meridional heat
transport relative to 0°C (Qy), east (Qg) and west (Qw) zonal transport components and heat storage

(Qstorage)'

3.3.3 Freshwater transport

Mean zonally integrated meridional freshwater transport (from Stammer et al.

[2003]) is estimated as:
L 0 S
F, = j j ov(l — )dzdx 3-10
0 —h(x) So

where Sy is the mean salinity. In the ocean interior, zonally averaged meridional
freshwater transport at 4°S values 0.036 + 0.044-10° kgs' with reference average
salinity in the model Sy=34.64 psu. If the reference salinity S¢=32.5 is taken as average
salinity in the Bering Strait used for estimating Pacific and Indian Ocean freshwater
transports [Wijffels et al., 1992], the mean freshwater transport through the model
domain at 4°S including boundary contribution is 0.775 = 0.043-10° kgs™'. Since the
value of freshwater transport is dependant on the average salinity in a closed system, the
salt budget could not be compared with climatological data and only relative values
referenced to average salinity in the model (Sy=34.64 psu) are analysed.

The additional freshwater input at the surface is given by:

F=P-E+R 3-11
where P — E is difference between precipitation and evaporation and R is the river
runoff. The total ocean-atmosphere freshwater exchange in the tropical Pacific (8°S —
24°N) and Indian Ocean (North — 8°S) are small (0.1 + 0.3-10° kgs™) and uncertainties
in estimates of freshwater transports are very large [ Ganachaud and Wunsch, 2003]. A
large source of uncertainty is estimate of river runoff [Wijffels et al., 2001]. In the
model, the freshwater air-sea fluxes are included only by restoring of sea surface
salinities to monthly climatology [Conkright et al., 1998] as:
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o S B Sres AZ
F,, Hp S, —dxdy 3-12
where Sy is the restoring SSS and 7 is the relaxation time. The difference between the
model surface salinities and restoring values is in average 0.04 psu. For comparison,
this gives surface freshwater flux between 4°S and 6°S of 0.011 + 0.007-10° kgs™. The
surface freshwater fluxes in the Indonesian Seas could be important for the salt budget.
However, the values are not well constraint, especially when glacial climate conditions
are considered and are therefore not analysed in detail.

3.3.4 Transport of Pacific water masses

Hydrographic data from the Pacific Ocean show different water masses
characteristics in the North and South Pacific (Figure 3-5). Analysis of relative
contribution of different water masses in the Indonesian Seas shows that the ITF mainly
contains North Pacific water masses [Fine, 1985; Gordon, 1986; Ffiled and Gordon,
1992]. Five major Pacific water masses are defined according to the hydrographic data
[Wyrtki, 1961; Gordon, 1995; Hautala et al., 1996] and their exchange through the
Indonesian Seas is analysed in the model. Temperature, salinity, density class and
approximate depth range of main water masses analysed in the model are given in Table
3-5.
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Table 3-5 Pacific water masses characteristics.

Depth (m)

Potential density (oy)

Temperature (°C)
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Figure 3-6 Regional model potential temperature and salinity in the Indonesian Seas between 110°E —

135°E and 8°S —

0°.

The temperature and salinity values in the model (Figure 3-6) show presence of
different Pacific water masses in the Indonesian Seas. The mean volume, heat and
freshwater transport of each water mass at 4°S are given in Table 3-6. The values of the
volume transport confirm that the main contribution to the ITF is from the North Pacific
(7.1 Sv compared to 2.8 Sv from South Pacific). The low salinity values (32.4 — 33.6
psu) characteristic for the surface water in the Indonesian Seas are not included in the
Pacific water masses characteristics (see Figure 3-5). Their contribution would further
enhance the freshwater transport towards the Indian Ocean. The North Pacific
Thermocline characterized by the salinity maximum shows freshwater transport in
opposite direction, indicating increase in salt input into the Indian Ocean. The South
Pacific Thermocline transport is also indicating increase in salt into the Indian
Ocean, however its contribution is small.
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Table 3-6 Volume (Sv), heat transport (PW) relative to 0°C and freshwater transport referenced to mean
salinity (S¢=34.64 psu) for individual water masses at 4°S. Positive values indicate transport towards the
Indian Ocean.

Volume transport (Sv) Heat transport (PW) Freshwater transport
relative to 0°C (10° kgs™) reference to
34.64 psu
Tropical Surface 25+14 0.27+0.17 0.034 £ 0.030
Water
North Pacific 23+0.5 0.19 £0.05 -0.013 £0.002
Thermocline
South Pacific 1.8+0.2 0.09 £ 0.01 -0.004 + 0.002
Thermocline
North Pacific 23+0.5 0.08 £0.02 0.003 +£0.001
Intermediate Water
Antarctic Intermediate 1.0+ 0.2 0.02 +0.003 0.002 + 0.0003
Water

3.4 Makassar Strait
3.4.1 Geostrophic balance

Makassar Strait carries the bulk of the Throughflow and ocean dynamics within
the Strait are analysed in more detail. The flow within Makassar Strait can be described
as geostrophic except for the region near the equator. Using Boussinesq approximation,
therefore retaining full accuracy for density (p) only when calculating pressure,
geostrophic balance for the meridional flow (taken from Stewart [2002]) is given by:

0
v, = iij p(2)dz +2.5€ 3-13
Joy ox ) [ o

where g is the gravity constant (g = 9.81 ms?), f = 2Qsin (p) is Coriolis parameter at
latitude ¢, py is mean ocean density and ¢ is the sea surface height. First term in the
Equation 3-13 gives relative velocity due to horizontal pressure gradient induced by
variations in density and is depth dependant, while second term gives surface
geostrophic current due to the slope of the sea surface. The vertical profile of
geostrophic current is calculated referenced to the surface, therefore adding the surface
geostrophic velocity to the relative velocity at the depth 4.

In Figure 3-7 is illustrated geostrophic balance at the surface. A zonal sea surface
gradient of 0.3-10° at 6.4°S, where Coriolis parameter is approximately -1.6:107 s,
gives rise to a southward meridional velocity of approximately 0.2 ms™'. The sea surface
gradient does only reflect the flow in surface level and not the total barotropic flow. The
vertical profile of the flow derived from the geostrophic approximation seems to be in
good agreement with the mean model profile (Figure 3-8). The slope of the internal
density surfaces forces baroclinic shear in the northward direction at intermediate levels
(Figure 3-9). Maximum of the flow is between 50 and 150 m. The flow below the sill
depth (~ 670 m) in the southern Makassar Strait is almost zero. The model developed
vertical profile of the flow with subsurface maximum agrees well with the observations
[Gordon et al., 2003].
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Figure 3-8 Makassar Strait velocity profile (ms™) with mean meridional velocity (thick line) at 118.1°E,

4°8, its barotropic component (dash line) and geostrophic approximation (dot thick line). Negative values
indicate southward velocities.

Along-channel gradients in the density field seem to be very small and possible
hydraulic control of the flow at the sill is therefore, hard to validate. A similar finding
was reported by Gordon [2003] when investigating topographic barriers in the
Indonesian Seas. However, hydraulic control cannot be completely excluded since small
density gradients in the equatorial regions, where the Coriolis parameter (f=0 - 107 s™)
is very small, could be sufficient to drive the flow. Along-channel data to monitor
difference in pressure along the strait are not available. However, combined
measurements of the surface height, integrated thermal structure and bottom
pressure in Makassar Strait [Waworuntu et al., 2001] show that the flow has

34



highly baroclinic structure. The vertical structure of the flow requires at least a three-
layer description consistent with the water mass structure observed.
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Figure 3-9 Potential density o4 (kgm™) and mean meridional velocity contours (ms™”) in Makassar Strait
at 4°S.

The geostrophic balance seems to be a good description of the mean flow within
Makassar Strait excluding the regions near the equator. It is possible to capture
baroclinic structures of the flow in the model, which is in good agreement with
observations, using simple geostrophic approximation. Derived vertical velocity profiles
from the density field can be used to estimate the volume transport of the ITF. This is
particularly important when paleoclimatic reconstructions are considered where direct
velocity measurements are not possible. However, large errors in transport estimates
could occur when the surface layer flow is considered because changes in wind forcing
and sea surface gradients are difficult to reconstruct.

3.4.2 Topographic effects

The topographic control of the ITF within Makassar Strait is analysed in terms of
JEBAR effect [Huthnance, 1984]. Assuming that the wind stress and bottom-torque
variations are on time scales much greater than the barotropic — topographic Rossby
adjustment time scale, Wajsowicz [1993a] derived the topographic island rule that gives
estimate of the ITF magnitude (Vo) including arbitrarily bottom topography H and
variable Pacific wind stress 1(x,y,t):

[é_ljv — é—ij\yo (t) = _§aD+6I

The path integral is taken over the South Pacific (0D) and around coast of
Australia (0l) as shown in Figure 1-3. The variables fy and fs are Coriolis parameters
and Hy and Hg are depths of the ocean at yn and ys the northernmost and southernmost
latitudes of the island, P(x,y,t) is the depth averaged pressure field and py is the mean
water density. The bottom topography is assumed to be zonally constant at the

0

{P(x, VOV H +T(x’—;;t)}-dl 3-14
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northernmost (A'A) and southernmost tips (B'B) of the island (Figure 1-3), while
allowing variations along the meridional pathway. The JEBAR effect introduced in the
estimate of the total ITF is:

Ty == PUYOH 18Dl /(fy I Hyy — fs I Hy) 3-15

where depth-averaged pressure P is given by:
0

0
P(x,y) = —2— [Hp [ pdz"ydz 3-16
P 2 E

Assuming constant bottom topography on the eastern side of the basin, the
Indonesian sills represent the only contribution to the topographic effects in the island
rule calculation. In first approximation, Indonesian Gateways can be represented as a
simple sill intersecting the level of no motion (Figure 3-10). Density difference between
Pacific and Indian side of the sill exerts pressure gradient over the topography. In
general, if the western Pacific is warmer than Indian side, P will be less positive over
the up slope, that is, where V, H - dl < 0, then over the down slope of the sill. Supposing

that p,(Pac) < p,(Ind)p; and other quantities being equal, leads to P(Pac) < P(Ind).
Therefore, the integral PV, H -dl over the sill is positive and there is an increase in the

Throughflow magnitude.
T PACIFIC INDIAN
WARM Increased ' COOL
P LARGE >y P SMALL
Transport ‘
P1 pac - P10
V 1H. di<0 V L H. dI>0

P2

level of no motion

P2
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Figure 3-10 Schematic of the topographic effects in the Indonesian Gateways, represented by a simple
sill, on the Pacific to Indian Ocean transport. A bottom pressure (P) gradient is induced over the sill due
to the density difference between the Pacific (p;pac) and Indian Ocean (p;wp). Taken from Wajsowicz
[1993a].

The major sill blocking the flow between the Pacific and Indian Ocean is
Dewakang Sill (~670 m) in southern Makassar Strait. The given theory of topographic
effect in the Indonesian Gateways is tested on a meridional transect through Makassar
Strait assuming that the northern part of the strait belongs to Pacific water masses, while
hydrography south of the strait has Indian Ocean characteristics. The maximum depth of
the ocean is taken to be H=4000 m at both sides of the sill and no other topographic
barriers are considered. Time mean density field, vertical integral of density and depth-
averaged pressure (Equation 3-10) are calculated along the path of strongest flow
(Figure 3-11). The plotted vertical integral of density field is defined as:
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1 ° :
h(2) =~ (Hp() = [ p(a)de) 3-17
0 z
The illustration of depth-integrated velocity magnitude:

0
Vo = [0 17 dz 3-18
H

shows mean pathway of the flow through Makassar Strait (Figure 3-11 top left). The
strongest flow in southern Makassar Strait does not only take the deepest path on the
eastern side of the strait, but it is spread over the broad sill. Even though the density
gradients across the sill are small (Figure 3-11 top right), mean depth averaged pressure
does seem to decrease up the slope and reaches minimum at the sill at 5.5°S (Figure
3-11 bottom left). The flow increases down the southern part of the slope. The
maximum pressure difference between the northern and southern part of the sill is 0.009
Pa/m/kgm™. The calculations of the JEBAR term (Equation 3-9) in the model, using the
step topography, do not seem to give good estimates so the topography and pressure
field needed to be smoothen. The approximated value of JEBAR term gives estimate of
2.1+0.5 Sv of topographic effect in the Makassar Strait on the ITF transport. However,
estimate of the transport is highly dependant on the parameters used in calculation.
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Figure 3-11 Topographic effects within Makassar Strait. Depth integrated velocity magnitude (m’s™)
shows path of the strongest flow in the channel (top left). Potential density stratification o (kgm™) (top
right) and depth-integrated density (m) (bottom right) are zonally averaged along the path of the strongest
flow. Depth-averaged pressure P (Pa/m/kgm™) (bottom left) is calculated along the Strait (black line).
Red line indicates smoothed pressure values.
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3.4.3 Seasonal variability

The seasonal cycle of the flow within Makassar Strait is characterized by
monsoonal wind changes. The maximum of the flow appears in March during the wind
reversal from the NW to the SE monsoon. Throughflow remains strong during the
boreal summer (May — August) (Figure 3-12). Minimum flow appears during the boreal
winter in the NW monsoon period (November - February). The volume transport in
Makassar Strait is compared with the high-resolution global cube-sphere (CS)
experiment of ECCO MITgcm project [Menemenlis, 2004]. Horizontal resolution in the
tropics of the CS-ECCO experiment is approximately %4° while the forcing in the model
is similar to the global ECCO run described in the section 3.2. The global CS-ECCO
model predicts 9.6 Sv average transport with high variability on seasonal and inter-
annual time-scales. Note that the regional model exhibits neither intraseasonal nor
interannual variability as it is forced with a repeating annual cycle of boundary
conditions (see section 3.2). Excluding the high frequency variability, the global model
and the regional model have similar seasonal variations in the volume transport. The
amplitude of the seasonal cycle is slightly smaller (4-5 Sv) than that of the global model
(6-7 Sv). Also, the intensification of the Throughflow in boreal winter is earlier in the
regional model. However, disagreements between the models exist at certain time
intervals. The largest discrepancy appears in the period between January 1997 and
March 1998 when the CS-ECCO model predicts low values of the transport and the
seasonal phase of the regional model is shifted compared to the global predictions. For
this time interval, the CS-ECCO model estimates are in good agreement with the
measurements of volume transport in Makassar Strait [Susanto and Gordon, 2004].
However, the 1997/98 was described as the year of a strong EI-Nino event, which might
be the reason for severe changes in the ITF transport compared to the normal state.

VOLUME TRANSPORT (Sv)
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Figure 3-12 Time-series of the volume transport (Sv) within Makassar Strait as predicted by the regional
model (blue line) and the global MIT ECCO model (thin black line) together with the 90-days running
mean (thick black line).

Most authors report strong ITF transport during the SE monsoon with maximum
appearing from April [Gordon et al., 1999] until September [Hautala et al., 1996].
Regarding the high variability of the ITF and lack of long-term measurements, accurate
timing of the maximum transport is hard to constrain. The regional model, however,
shows strongest transport within Makassar Strait in March. Possible explanation
for the disagreement in timing can be found in the climatological wind stress and
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constant boundary transport applied in the regional model, which do not reflect
complete realistic forcing for the ITF.

The seasonal changes of surface circulation in Makassar Strait agree well with
observed monsoonal patterns [Gordon, 2003]. From November to February the
eastward wind in the Java Sea pushes low salinity water into the southern Makassar
Strait (Figure 3-13 left). The surface flow is reduced despite southward blowing, along-
channel winds because increase in sea surface height in southern Makassar Strait blocks
southward flow. Reversal of the wind during the northern hemisphere summer pushes
the low-salinity waters back into the Java Sea and allows southward surface layer
transport (Figure 3-13 right).
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Figure 3-13 Monsoonal changes in surface circulation. Surface salinity (psu) and currents (ms™) for the
November — February (left) and May — August (right).

Seasonal changes in the hydrographic profile are monitored on several CTD
stations within Makassar Strait. Temperature and salinity data are available for August
1993 and February 1994 (http://www.ldeo.columbia.edu/~arlindo). The TS diagram for
both monsoonal phases are shown in Figure 3-14 for southern Makassar Strait. The
upper 200 m layer is characterized with the salinity maximum of North Pacific
Subtropical Water while the intermediate layer is characterized by a North Pacific
Intermediate Water salinity minimum [Hautala et al., 1996; Waworuntu et al., 2000].
The temperature/salinity stratification developed in the model generally agrees with the
observations showing presence of the low salinity waters during the NW monsoon.
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Figure 3-14 Seasonal variations in the temperature (°C) and salinity (psu) in the southern Makassar Strait
(115°E-120°, 6°S-3°S). Model TS profile (dash line) is compared to observations (solid line) for
February (black) and August (red).

Difference in density and dynamic height within the upper 100 m between the
northern and southern Makassar Strait are calculated from the stratification data for two
monsoon phases [Gordon, 2003]. During the NW monsoon (February 1994) the density
difference is negative (Ac ~ -1 kgm™) and isobaric surfaces are higher (AD = 0.5 m’kg’
'Pa) in the southern Makassar Strait. This indicates a northward pressure gradient
induced by buoyant water in the southern Makassar Strait. During August 1993 the
density difference is small (Ac =~ 0.5 kgm™), but positive and the pressure gradient is
essentially zero. In the model (), the integrated potential density gradient in the upper
100 m during the NW monsoon is negative and equals approximately -0.7 kgm™ while
the dynamic height difference is positive (AD =~ 0.4 m’kg'Pa). During the SE monsoon
the density difference in the model is positive (Ac ~ 0.7 kgm™) and dynamic height
difference is small and negative (AD =~ -0.2 m’kg 'Pa) which corresponds well with the
observations. An additional effect of the buoyant surface water piling up in southern
Makassar Strait is the shift of the main flow from the surface into thermocline levels
(Figure 3-15)

The volume transport variations within Makassar Strait are compared to seasonal
variations of transport in the outflow passages. In Figure 3-16 are given correlation
diagrams showing lagged correlation between different time series of transport. A
maximum positive correlation between Makassar and Lombok transport indicates lag of
1 month of the Lombok Strait transport compared to the Makassar Strait. The flow
through Ombai Strait lags the flow in Makassar Strait by 4 — 5 months, while flow
through Timor Strait leads the flow in Makassar Strait by 1 — 2 months. These results
suggest significantly different seasonal variations in inflow and outflow passages that
might modulate the resulting flow towards the Indian Ocean. The net outflow through
eastern passages (TOS transect) shows lag similar to Ombai Strait transport, while the
total Throughflow calculated in Indian Ocean (ITF transect) seems to be in phase with
Makassar Strait transport
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Figure 3-15 Zonal average of the along-channel section through Makassar Strait (115°E - 120°E)
showing seasonal changes in density stratification (kgm™) with meridional velocity contours (ms™)
(upper panel) and the salinity field (psu) with isotherms (°C) (lower panel) for the NW monsoon:
November - February (left) and SE monsoon: May - August (right).

Correlation

80 ook —4+0 —2.0 0.0 2.0 4.0 6.0
MK — OMEA] Lag (months)

— b — TIMOR
Figure 3-16 Lagged correlation between volume transport within Makassar Strait (MK) and outflow

passages. For example, a positive correlation MK — LOMBOK at +1 month lag indicates that Makassar
Strait transport is leading Lombok Strait transport by 1 month.

41



3.4.4 Density driven flow

Wyrtki [1987] suggested that the pressure difference between the Pacific and
Indian Ocean forces the Throughflow and that variability of the ITF would be captured
with an index of sea surface height difference between Davao on the east coast of
Mindanao and Darwin on the north-western coast of Australia. Potemra et al. [1997]
included sea level anomalies in West Pacific and south of Java together with the stations
northwest of Australia and off coast of Philippines to get better index of ITF variability
from seasonal to interannual time-scales. Andersson and Stigebrandt [2004] further
argued that it is the difference in steric sea level between Pacific and Indian Ocean that
forces the Throughflow by forming a downstream buoyant pool (DBP) in the North
Australian Basin. Low buoyancy Pacific water fills the Indonesian Seas and it is drained
by the sea level drop between the DBP and Indian Ocean. The geostrophic transport at
the rim of the DBP is related to density anomaly between the DBP and Indian Ocean
and is given by:

vHZ
0-=% 3-19
2f()
Ap . . : - .
where g'= g—p is reduced gravity and f(/) is the Coriolis parameter at the latitude / of
Po

the transport. The depth of the pool H is less or equal to the effective sill depth of the
straits in the archipelago. The ITF magnitude is then given as difference between
transports at northern and southern sides of the DBP:

Onr = Oy — 0y 3-20

where Oy and Qs are geostrophic transports at the northern and southern latitude,
respectively. Using hydrographic data to calculate steric height difference between
Pacific and Indian Ocean, Andersson and Stigebrandt [2004] found an estimated of the
ITF transport magnitude of about 10 Sv corresponding well to observations. However,
this value was found when the West Pacific and North Australian Basin water are
considered as single water mass and steric height was compared between the areas in
North Australian Basin and central Indian Ocean (80°W-100°W, 6°S-6°N). Taking the
depth of the DBP to be 1200 m as the depth of the Timor Strait, and reference
temperature and salinity in the Pacific of Tpac=2.73°C, Spac=34.60 psu and in North
Australian Basin of Tinp=3.10°C, Sinp=34.70 psu, lead to steric height difference in
boreal summer of about 4 cm while difference between North Australian Basin and
central Indian Ocean was 18 cm.

Estimates of the ITF using steric height difference between Pacific and Indian
Ocean could be an useful tool in assessing past climate changes in ITF magnitude.
Changes in density stratification seem to be easier to estimate than wind field strength
generally assumed to be the driving force of the Throughflow. Furthermore, the density
driven flow is not included in the original island rule calculations and with different
density stratification during the glacial periods might have a different role in governing
the Throughflow.

Steric sea level difference between the West Pacific (WP) and East Indian Ocean
(EIO) is analysed in the model and compared to the transport within Makassar
Strait. This approach is different than originally suggested by Wyrtki [1987] since
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it uses only density stratification and not wind forced contribution to sea level height.
Steric height is calculated as:

H
hyer = Py [[(S,6,2) - (35,0, 2)ldz 3-21
0
where reference depth 4 = 1000 m which is the depth of the sill in southern Makassar
Strait. The areas taken as representative for WP and EIO are illustrated in Figure 3-17.
Steric height field shows higher values in Pacific than the Indian Ocean. Mean annual
value of steric height difference between WP and EIO is 2.2 cm, with maximum value
of about 5.3 cm during the monsoon transition. This value seems to be insufficient to
drive the flow of 9.3 Sv within Makassar Strait as predicted by the model. However,
estimates of steric height difference are dependant on the area used in calculation and
the reference depth. If the inflow region of MC near Philippine coast is taken instead of
WP and region south from Java coast is used for EIO than maximum steric height
difference can reach 20 cm which could be sufficient to drive significant part of the
flow. The steric height in the central Indian Ocean could not be evaluated since this
region is outside the model domain. Seasonal variations in Makassar Strait volume
transport seem to be in good agreement with the estimated steric height difference
variations (Figure 3-18).
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Figure 3-17 Mean steric height (cm) relative to 1000 m with indicated areas (black boxes) used in
calculation of pressure difference in the model.
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The mean positive steric height difference between WP and EIO in the model
suggests that the ITF could be driven by pressure gradients induced from the density
field. This idea is further supported in the model where seasonal variations of the steric
height difference show correlation with Makassar Strait transport. However, estimates
of ITF transport from the density field are too small, suggesting that density difference
is perhaps just one of the forcing mechanisms. However, calculation of density driven
flow by integrating steric height from a defined depth and averaging over large areas is
perhaps too simplified approach for describing the ITF. When only narrow coastal areas
are taken into account, the estimates seem to give better results. This seems reasonable
when considering that the bulk of the ITF originates from the narrow Mindanao
Current, but contradicts the generally excepted view that the ITF must depend on large
scale Pacific to Indian Ocean density difference. Moreover, the ITF profile is known to
have a baroclinic structure within the thermocline maximum and it might be important
to consider also different density layers when calculating steric height difference.

3.5 Outflow passages
3.5.1 Lombok Strait

The flow through Lombok Strait carries mainly surface and thermocline water
towards the Indian Ocean. The mean flow at the surface reaches velocities of 1 ms™
(Figure 3-19). In deeper layers velocities range from 0.6 to 0.2 ms™ above the sill depth.
Below 250 m the currents are decreased to almost zero. Comparison of the zonally
averaged along-channel velocity with the vertical structure of the flow monitored during
March 1997 and March 1998 [Hautala et al., 2001] shows good agreement. However,
the vertical profile of the flow in the model shows stable outflow throughout the year
(Figure 3-20 and Figure 3-21) in contrast to same observations, e.g. the observed
surface northward flow during December 1995 [Hautala et al., 2001]. Temporary
northward shifts in the flow have been also documented by Murray and Arief [1988].
The reversal of the flow is explained as the Ekman transport induced by westward
passing cyclones in the Indo-Pacific basin raising the sea level on the Indian side of the
Strait. Additional explanation is given through induced Kelvin waves on the
eastern Indian Ocean boundary by remote forcing during the monsoon transition
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periods (November/December, April/May) [Hautala et al., 2001; Sprintall et al., 2003].
Both forcing mechanisms are not included in the regional model.

The seasonal cycle of the Lombok Strait transport in the model correlates with
Makassar Strait transport showing maximum of the flow from March to April (Figure
3-20). While the transport throughout the year is ~3.5 Sv, during the period of strongest
outflow it shows values up to 5 Sv. Based on current meter data [Murray and Arief,
1988] the transport observed during the NW monsoon is approximately 1 Sv or less,
while the maximum is in August and reaches 4 Sv. Hautala et al. [2001] found higher
outflow values during the NW monsoon ranging 0.9 — 3.4 Sv for the estimates of
transport in upper 200 m and pointed out that the 1.7 Sv value of the annual average
[Murray and Arief, 1988] might be underestimated. Remember also that the modelled
flow is overestimated because of the wider strait.
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Figure 3-19 Along-channel section (115.7°E) of the mean annual density stratification (kgm™) and
velocity field (ms™) in Lombok Strait with negative values indicating flow towards the Indian Ocean.
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Figure 3-20 Lombok Strait volume (Sv) (top) and heat transport relative to 0°C (PW) (bottom) time-
series.
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Lombok Strait TS profiles show low salinity values in March characteristic for the
NW monsoon period (Figure 3-21). The low salinity signal is generally observed in
Lombok Strait from March to May, while a semi-annual signal is dominant in the
temperature variations [Sprintall et al., 2000]. Observed salinity minima, with values
dropping up to 32 psu, were associated with strong river runoff near Lombok Strait
following high precipitation in the region during the NW monsoon phase.
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- 2804
~ 26.0 N
- 2404
22.0 4
200 ]

Potential temperature {C)

- 2.0 4

T T 1 T 1 20T T T T T T T T

T T I T T T
=1.00 —080 -040 -040 -—-020 .00 32.80 3320 33.B0 3400 3440 34.30
Meridional velosity (m/s) Salinity {psu)

Figure 3-21 Lombok Strait seasonal velocity profile (ms™) and TS diagram for March (dot solid) and
August (dash) and annual mean (solid line). Negative values of the velocity show southward transport.

Even though the model captures well the vertical profile of the flow and part of
the seasonal variations, the dynamics of Lombok Strait Throughflow are probably not
well represented in the model. The main reason is the inadequate representation of
topography in the strait that leads to overestimated transport and simplified forcing that
is not sufficient to capture the observed variability.

3.5.2 Ombai Strait

The flow through Ombai Strait carries mainly surface and intermediate waters
towards the Indian Ocean. The seasonal cycle of the transport (Figure 3-22) shows
strongest flow from June — September with southward transport exceeding 8 Sv during
the SE monsoon phase and weak flow from December to March during the NW
monsoon phase. The variability of the flow is mainly confined within the upper 150 m.
Higher frequency variability is not captured in the model.
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Figure 3-22 Ombai Strait volume (Sv) (top) and heat transport relative to 0°C (PW) (bottom) time-series.

A vertical cross section (Figure 3-23) illustrates surface intensified flow while the
deep flow is week. However, monsoonal changes in the surface currents lead to
reversals of the flow towards the Banda Sea during the NW monsoon phase (Figure
3-24) while intermediate water flow contributes to the net transport towards the Indian
Ocean. Temperature and salinity profiles show small seasonal variations.
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Figure 3-23 Ombai Strait cross section at 8.6°S with the mean annual density stratification (kgm™) and

velocity fi
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Figure 3-24 Ombai Strait mean (thick) and seasonal velocity profile (ms™) and TS diagram for August
(dash) and March (dot) with negative values of the velocity indicating southward transport.

3.5.3 Timor Strait

The model results show underestimated mean volume transport values through the
Timor passage (2.5 Sv) compared to the observational estimates (3.4 — 7 Sv) [Creswell
et al., 1993; Molcard et al., 1996], while the larger part of the outflow (~ 6 Sv) exits
through Ombai Strait. The mean coastal current in the model is weaker than predicted
by the global model [ECCO MITgem, Menemenlis, 2004] and as expected from the
measurements. Possible explanations can be found in missing components of the
transport from the northeastern Australian shelf region and closed communication with
the South Pacific source through the Arafura Sea which could allow additional,
although small, surface transport. Other reasons are the representation of the southern
boundary as interpolated from the global model and overestimated transport through
Lombok Strait.

The simulated seasonal cycle has strong outflow from December to March and
weak flow from June to September (Figure 3-25). This is inconsistent with the observed
seasonal changes in circulation of the Timor Strait which imply maximum of transport
during SE monsoon period [Creswell et al., 1993; Molcard et al., 1996].
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Figure 3-25 Timor Strait volume (Sv) (top) and heat transport relative to 0°C (PW) (bottom) time-series.

In order to analyse the circulation patterns in Timor Strait in the model, the flow
dynamics are described by three separate layers: surface shelf current, coastal
undercurrent between 30 and 200 m and deep water flow in the passage below 200 m.
The upper layer flow is under strong influence of the monsoonal wind variations, while
deep water currents are weak and show small changes.

Meridionally averaged temperature/salinity profiles (Figure 3-26) in Timor Strait
show lower salinity values during the SE monsoon phase with the salinity minimum at
subsurface levels.

Seasonal changes in the flow and density stratification are considered by looking
at a vertical section across the strait at 126°E (Figure 3-27). During the NW monsoon
the surface flow is weak and the outflow in subsurface and deep levels dominates.
During the SE monsoon phase, the westward surface flow is intensified and low salinity
surface water is transported towards the Indian Ocean which corresponds well to
observations [Creswell et al., 1993; Molcard et al., 1996]. However, strong westward
flow is confined in the upper 30 m and, below the surface an undercurrent in the
opposite direction is formed, reducing the net outflow. The undercurrent is strongest
between 50 and 90 m depth. The horizontal structure of the surface coastal current and
the associated undercurrent is shown in Figure 3-28. During the SE monsoon phase a
southward current is formed along the continental shelf that continues along the coast of
Australia to join the Leuween current. Both currents are weak during the NW monsoon
period.
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Figure 3-26 Timor Strait mean (thick) and seasonal TS diagram for August (dash) and March (dot).
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Density map across Timor Strait (126°E) and velocity contours for November - February (left) and May —
August (right).
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3.6 Sensitivity to boundary conditions
3.6.1 Wind forcing

Response of the model transport within Makassar Strait to the prescribed
boundary transport for various scaling parameters with and without wind forcing is
illustrated in Figure 3-29. The results show that Makassar Strait volume transport
depends linearly on the prescribed total transport. The wind forcing does not
significantly change the mean transport within Makassar Strait, but influences its
variability. The linear regression of the transport values yields a correlation coefficient
of R=0.99 and gives the following estimate of the transport within Makassar Strait

(QMak):

Qv = 0.770,, 3-22
where Qr,, is the total inflow transport at the northern and eastern boundary.

18 - |© PD - control
X PD - no wind

Makassar Strait
volume transport (Sv)

0 T 1 T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Total volume transport (Sv)

Figure 3-29 Response of the volume transport within Makassar Strait to scaling of the lateral boundary
transport for PD — control experiment and PD — no wind experiment. The error bars indicate maximum
and minimum values of the model transports.

The time-mean surface circulation through the Indonesian Seas in the PD — no
wind experiment is similar to the PD — control simulation (Figure 3-30). The main
effect of the wind forcing is an intensification of the inflow currents in the Celebes Sea
surface, forming of gyres in the Java Sea, southern Makassar Strait and Flores Sea and
surface outflow currents in the Banda Sea, North Australian shelf and East Indian
Ocean.
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Figure 3-30 Mean annual surface circulation (ms™) in PD — no wind experiment (left) and difference in
surface currents between the PD — no wind and PD — control experiment (right).

The monsoonal changes in the surface flow in Makassar Strait are investigated in
the experiment without the wind forcing. Time-series of the volume and heat transport
(Figure 3-31) in the PD — no wind experiment show small seasonal variations. Blocking
of the surface flow in the southern Makassar Strait during the boreal winter due to the
low surface salinity presence is significantly reduced in the absence of wind. This
suggests that southeastward blowing winds during the NW monsoon push the low
salinity surface waters from the Java Sea into the southern Makassar Strait initiating the
blocking of the throughflow. The blocking of the flow has been assigned to density
forcing assuming that the density gradient along the channel is sufficient to control the
surface flow [Gordon et al., 2003]. However, these results suggest that both wind and
density forcing need to be taken into account when the seasonal patterns in surface
circulation in Makassar Strait are considered.
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Figure 3-31 Volume and heat transport relative to 0°C variability within Makassar Strait for PD - control
(thick) and PD — no wind experiment (dash).
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3.6.2 Surface fluxes

In order to test sensitivity of ocean circulation and heat transport to the applied
surface heat fluxes, four experiments with different representations of the surface
boundary conditions are compared (Table 3-7). In the PD — control experiment
restoring of temperature and salinity to monthly climatological values is applied (for
descriptions see 2.3.2) and no additional surface fluxes are used. The relaxation time-
scale is 30 days. In the PD — no flux experiment all surface fluxes are set to zero. In the
PD — heat flux experiment only monthly net surface heat fluxes [NOAA NCEP/NCAR
Reanalysis; Kalnay et al., 1996] without surface restoring are applied. And, finally, in
the PD — rest + heat flux experiment, the surface heat fluxes and restoring of
temperature and salinity with 3 days restoring time-scale are used.

Table 3-7 Overview of the heat fluxes sensitivity experiments for the PD conditions.

Experiment Net surface fluxes (Qper) Restoring time-scale (1)
PD — control no 2592000 s
PD — no flux no no
PD — heat flux monthly no
PD — rest. + heat flux monthly 259200 s

Interaction with the atmosphere in the model is then given by the surface heat flux
(Hp) resulting from the net surface fluxes adopted from the climatological estimates
(Qciim) and the relaxation fluxes:

LM
0-6.)Az
Hy =0, +¢,[] p— = dvdy 3-23

where 6 is the model SST, 6,. is the climatological SST, 4z is the thickness of the
surface layer (4z = 5 m in the model), 7 is restoring time-scale and L and M are width
and length of the basin. Net surface heat flux Q. is given by the sum of the net upward
shortwave radiation (Q,,), net upward longwave radiation (Qp,), latent (Qy) and
sensible heat fluxes (Qy):

chim = st + Qlw + th + Qsh 3-24

When only surface restoring is applied (PD — control experiment), the model
surface heat fluxes are small and not sufficient to compensate cooling in the ocean
interior (Figure 3-32). When climatological surface heat fluxes are applied (PD — rest. +
heat flux), the model divergence is in good agreement with corresponding surface
fluxes. However, when only climatological heat fluxes without surface restoring are
applied (PD — heat flux), net heat transport in the ocean interior is increased, indicating
that the heat fluxes are not in balance with the volume transport through the domain.
This results in general warming of the ocean which can be seen in high SST produced in
the PD — heat flux experiment (Figure 3-33).
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Figure 3-32 Net heat divergence Q, (PW) is plotted for experiments with different representation of heat
fluxes (full line). Corresponding zonally integrated surface fluxes are plotted in dash line.
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In the experiment PD — rest.+ heat flux (Figure 3-34) the mean SST is increased
compared to the PD - control run. However, difference in the mean temperature and
surface circulation is small possibly due to the strong surface restoring.

Even though, the absolute value of the heat transport differs between the heat
fluxes experiments, the seasonal cycle of the heat fluxes is similar in the PD — control
and PD — rest. + heat flux experiments (Figure 3-35). The annual cycle of the heat
transport shows highest values during the boreal summer. The seasonal cycle of heat
divergence at the ITF transect between 6°S — 4°S is compared to the NCEP/NCAR
reanalysis climatological estimates (Figure 3-36). The seasonal cycle in PD — control
simulation shows shift compared to observations, however the amplitude of variations
in heat divergence is of same order of magnitude.
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Figure 3-35 Annual cycle of the heat transport relative to 0°C (PW) in the PD — control (left) and PD —
rest. + heat flux experiments (right).
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3.6.3 Lateral boundary conditions

PD - cyclic experiment Here the sensitivity of the simulated circulation to
seasonal variability in the inflow and outflow currents at the lateral boundaries is tested.
Values of the volume and heat transport relative to 0°C for the main Indonesian
passages are given in Table 3-8. The mean volume transport within Makassar Strait is
slightly reduced and the transport between Sulawesi and New Guinea is increased.
However, the mean circulation through the archipelago does not change significantly.

Table 3-8 PD — cyclic experiment volume and heat transport reference to 0°C. The numbers in brackets
give minimum and maximum value of the transport. Positive values indicate southward transport towards
the Indian Ocean.

Volume transport (Sv) Heat transport (PW)
Makassar Strait 8.6x1.0 0.56 +0.08
(6.6 -10.7)
Sulawesi — New 3.6+1.6 0.12+0.23
Guinea (0.5-6.6)
Lombok Strait 3.6+0.7 0.33+0.06
(2.1-49)
Ombai Strait 6.1 1.7 0.30£0.22
(3.6-8.8)
Timor Passage 29+23 0.13+0.12
(-0.6 — 6.0)
TOS 87+1.1 0.42+0.12
(7.0-11.1)
ITF 13.5+£0.7 0.82+0.18
(12.0 —14.9)

Changes in seasonality of the volume and heat transport within Makassar Strait
and Timor Passage are illustrated in Figure 3-37. In experiment PD - cyclic the transport
within Makassar Strait has its minimum during the NW monsoon period (November —
February) as in the PD — control experiment. This is in accordance with the observed
freshwater blocking in southern Makassar Strait during the NW monsoon phase
[Gordon et al., 2003]. The period of strong flow, with its maximum in March in the PD
— control tun, is now extended through the whole SE monsoon phase (April — August).
This effect can be related to increased inflow at the lateral boundaries during boreal
summer. The intensification of the flow, which terminates the blocking phase, appears
slightly later in the PD — cyclic experiment compared to PD — control. This improves
the agreement with the global high-resolution MIT ECCO model (see Figure 3-12). The
transport in Timor Strait shows a shift in phase with the maximum of the flow appearing
from February — June in experiment PD - cyclic. The seasonal variations of the flow in
Timor Strait also show higher amplitude and possible reversals of the flow towards east
when variability in the boundary currents is taken into account.
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Figure 3-37 Correlation of the volume transport in Makassar Strait (thick line) and Timor Strait (dash
line) between PD — control and PD — cyclic experiment. A positive correlation TIM: CTRL — CYC at +1
month lag indicates that Timor Strait transport in PD — control experiment is lagged by 1 month
compared to the transport in PD — cyclic experiment.

PD - ecco experiment The simulated circulation in the PD - ecco experiment is
shown in Figure 3-38. Given is comparison of the depth-integrated velocity and density
field at 100 m depth representative for the main flow in the PD — control experiment.
The current field in the PD — ecco simulation shows strong inflow from the northern
boundary accounting for the strong MC which is mainly reverted towards the east into
the NECC forming a gyre at the entrance of the Celebes Sea. The strong reversal of the
flow into the NECC is not captured in the PD - control experiment. The density field in
the PD — ecco experiment shows a sharp front that clearly separates the North Pacific
inflow waters from the NECC. The horizontal density gradient induces strong zonal
currents.

T14°E 118°E 122°E 126°E 130°E  134°E  138°E 114°E 118°E  122°E 128°E  130°E  134°E  138°E
—= 150 —= 130,

Figure 3-38 Mean depth-integrated velocity (m’s™) and density field (kgm™) at 100 m depth in the PD -
control simulation (left) and PD — ecco simulation (right).

Even though, the current system in the West Pacific appears considerably
different in the two model simulations, the circulation inside the Indonesian Passages
including Makassar Strait and the outflow passages does not seem to differ much. The
seasonal variations within Makassar Strait and Timor Passage are similar to the PD -
control run (Figure 3-29).

59



0.80

0.40

0.a0

Correlation

—0.40 s ' ~ B

—0.80 - ~e

T T T T T T
—6.0 —-4.0 2.0 0.0 2.0 4.0 6.0
e W2 CTLRE — ECCO

— — = TIM: CTLR — EGCO Lag (months)

Figure 3-39 Correlation of the volume transport in Makassar Strait (thick line) and Timor Strait (dash
line) between PD — control and PD — ecco experiment. A positive correlation MK: CTRL — ECCO at 0
month lag indicates that Makassar Strait transport in PD — control experiment is in phase with the
transport in PD — ecco experiment.

The calculation of volume transport, given in Table 3-9, shows very small
increase in transport through Makassar Strait and small increase of transport through
Lombok Strait while the flow between Sulawesi and New Guinea and within Ombai
Strait is reduced. However, larger differences appear in the vertical density stratification
and velocity profiles that can be seen on transects through Makassar Strait (Figure
3-40). The flow in the upper 200 m is intensified in the PD — ecco simulation while the
flow in intermediate levels (300 — 650 m) is decreased resulting in the increase in heat
transport compared to the PD — control experiment. The density is decreased between
50 and 350 m with maximum difference of Ao= 1 kgm™ at 100 m depth where the flow
is strongest signifying increased inflow of warm water. However, vertical profile of the
flow and estimates of heat transport within Makassar Strait in the PD — control
simulation seem to be in good agreement with observations [Vranes et al., 2002] and
this result can be taken as less realistic.

Table 3-9 PD — ecco experiment volume and heat transport reference to 0°C. The numbers in brackets
give minimum and maximum value of the transport. Positive values indicate southward transport towards
the Indian Ocean.

Volume transport (Sv) Heat transport (PW)
Makassar Strait 95+1.1 0.76 £0.11
(7.3-12.8)
Sulawesi — New Guinea 0.8+£22 0.01 £0.25
(-3.9-5.0)
Lombok Strait 44+0.5 0.42 +0.05
3.7-5.4)
Ombai Strait 43+14 0.28 £0.18
(2.1-6.3)
Timor Passage 25+1.0 0.16£0.10
(0.9-3.9)
TOS 6.6+0.5 0.43+0.11
(5.6-17.4)
ITF 11.9+0.3 091 +0.13
(11.2-12.8)
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Figure 3-40 Difference in density stratification (kgm™) and velocity field (ms™) between the PD — ecco
and PD — control experiment. Shown is across-channel section at 4°S in Makassar Strait. Dash lines
indicate negative values.

Small difference in the volume transport within Makassar Strait between PD —
ecco and PD — control experiment (0.2 Sv) indicate that representation of boundary
currents is not crucial for the ITF volume transport. The net transport is set by
prescribing Pacific to Indian Ocean transport and excess inflow water at the northern
boundary in PD — ecco is returned into the equatorial Pacific. A high-resolution
representation of the boundary currents is important if the West Pacific equatorial
currents are analysed. However, low-resolution model can be equally used if the
dynamics within the Indonesian Seas are investigated.
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3.7 Conclusions

The dynamics of the ITF are investigated in the regional model using
climatological boundary forcing for PD conditions. The regional model produces a
mean circulation within the Indonesian Seas in reasonable agreement with the
observations.

Mean volume and heat transport in Makassar Strait correspond well to measured
values [Gordon et al., 1999; Vranes et al., 2002]. Flow dynamics can be approximately
described with a three-layer system. Maximum of the flow appears in subsurface levels
between 50 and 150 m. The flow is in geostrophic balance except for the region near the
equator. Seasonal variability of the transport is compared with observations [Susanto et
al., 2004] and global model simulation of MITgecm ECCO project intended to estimate
the global ocean state [Menemenlis, 2004]. High-frequency variability and inter-annual
variations in ocean dynamics are absent in the regional model forcing and for this
reason, the results do not compare well in detail with the transport observations.
However, the mean seasonal cycle is well represented and is in good agreement with the
theory of monsoonal wind forced regime [ Gordon et al., 2003].

Temperature and salinity profiles correspond well with measurements including
the seasonal cycle showing input of low salinity surface waters in the southern
Makassar Strait during the NW monsoon phase [Gordon and McClean, 1999]. Due to
the surface buoyant water present in the southern Makassar Strait, southward surface
flow is reduced during boreal winter. Reversal of the wind in March allows intensified
surface flow by eliminating low-salinity blocking and strong transport prevails during
the SE monsoon phase. The timing of the transport maximum depends not only on the
local dynamics, but also correlates with the large scale forcing introduced in the
regional model by the seasonal cycle in lateral boundary currents. The response of the
mean transport within Makassar Strait to the prescribed inflow at the lateral boundaries
is linear. Wind forcing in the region does not effect the mean circulation significantly,
however it is important factor in determining its seasonal variability.

Transport values through Lombok Strait are overestimated in the model due to the
model horizontal resolution giving a wider cross-section of the passage than observed.
The vertical profile corresponds well with observations [Hautala et al., 2001] showing
strong surface and thermocline outflow. The seasonal cycle of the flow has its
maximum during the SE monsoon phase. However, observed reversals of the flow
during the NW monsoon and intra-seasonal variability associated with induced coastal
Kelvin waves are not captured in the model because of a lack of variability in the
boundary conditions.

The flow through Ombai Strait shows relatively good agreement with
observations with volume transport values higher by ~1 Sv than observational estimates
[Molcard et al. 2001]. The seasonal cycle shows a maximum during the SE monsoon.
The strongest variability of the flow appears in the upper 100 m while the deeper flow is
weak but shows stable outflow. Surface currents show reversals towards the Banda Sea
in the NW monsoon period in accordance with measurements [Hautala et al., 2001].

The Timor Strait volume transport is underestimated in the model compared to the
mooring measurements in the strait [Creswell et al., 1993; Molcard et al., 1996]. The
model simulates well the formation of the strong current along the North Australian
shelf region during the SE monsoon. However, in the model, undercurrent in opposite
direction at the depths between 30 and 200 m is associated with the surface southward
flow. Thus, the net outflow is reduced and the seasonal cycle of the flow is
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compromised. However, the Timor Strait transport would be larger if the outflow
through Lombok and Ombai Strait were smaller. The reduced Timor Strait outflow is
partially a consequence of the overestimated transport through Lombok Strait
considering that flow takes the westernmost pathway.
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4. Impact of glacial sea-level changes on the Indonesian Throughflow

4.1 Introduction

The closure of the Indonesian passages has strong impact on the tropical climate
as shown by the coupled AOGCM experiments [Schneider and Barnett, 1997,
Schneider, 1998; Wajsowicz and Schneider, 2002]. During the LGM, lowering of the
sea level by 120 m (see Figure 5-2) [Hanebuth and Stattegger, 2003; Steinke et al.,
2003] has significantly changed the topography of the Indonesian Gateways by
reducing aperture of the main passages, decreasing depth of the main sills and changing
land-sea distribution in the region [De Deckker et al., 2002]. The question arises to what
extent topographic changes during the LGM have impact on the ITF volume and heat
transport. Based on the paleoclimatic evidence from the Indonesian Gateways [Miiller
and Opdyke, 2000; Gingele et al., 2001a,b; De Deckker et al., 2002; Kuhnt et al., 2004]
a reduction of the ITF transport during the LGM was proposed. Possible topographic
blocking of the water masses exchange within Indonesian passages may be the reason
for reduced transport and lead to a readjustment in the tropical ocean-atmosphere
system during the glacial periods. However, role of topography must be considered in
scope of glacial climate conditions which have significantly different climate forcing
than the PD. Due to generally colder SST’s by 2 - 5°C [Lea et al., 2000, Stott et al.,
2002; Rosenthal et al., 2003; Visser et al., 2003] and possible absence of low salinity
surface waters [Martinez et al., 1997; 2002; De Deckker et al., 2002], density
stratification in the region might have been significantly different. Changes in
monsoonal wind strength in the region [van der Kaars et al., 2000; van der Kaars et al.,
2001; Holbourn et al., 2005] might effect wind forced circulation and also have impact
on seasonal variations of the flow. Moreover, recent reconstruction of the SST and SSS
in the eastern equatorial Pacific [Koutavas et al., 2002] imply shifts in the tropical
Pacific ocean-atmosphere system during the LGM that are analogous to the ENSO
events. These findings have been supported with modelling results [Otto-Bliesner et al.,
2003; An et al., 2004] suggesting that LGM background conditions are favourable to
support large-amplitude self-sustained ENSO variations in the tropical Pacific. Taking
the analogy with modern ENSO events [Meyers, 1996; Murtugudde et al., 1998], ENSO
conditions would generally lead to reduction in ITF transport by increasing westerly
anomalies in wind stress over the Pacific. However, possible severe blocking of the
Throughflow might, on the other hand, be one of the factors supporting the ENSO like
pattern in the tropical Pacific.

In the previous chapter PD dynamics of the ITF are discussed and a high-
resolution regional model with reference circulation for modern climate conditions in
the Indonesian archipelago is developed. In this chapter, the results from the PD —
control simulation are compared with the sensitivity experiment in which sea level
lowering is taken into account, while maintaining the modern boundary conditions (PD
— 120). In this way, impact of topographic changes is analysed separately from the
impact of glacial climate conditions. The simulation of the ITF during the LGM
includes both sea level lowering and glacial boundary conditions based on the global
model experiment of the LGM climate [Paul and Schéfer-Neth, 2003]. Due to the large
uncertainties in LGM surface forcing, especially in the ITF region, additional
experiments are performed with boundary forcing taken from different global LGM
simulations [Shin et al., 2003; Lohmann and Lorenz, 2000]. The main questions
addressed in this chapter are whether the topographic changes can reduce the ITF
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volume transport and in which way they impact seasonal variations and vertical
structure of the flow and related heat transport from the Pacific to the Indian Ocean.

The Throughflow characteristics are analysed separately in Makassar Strait and
outflow passages as in the previous chapter. Vertical transects across the main passages
are provided illustrating simulated LGM hydrography and velocity structure together
with anomalies between LGM and PD simulation which can be used for detailed
comparison or as help in interpretation of the paleoceanographic data from the region.

4.2 Experimental setup

In PD — 720 experiment model forcing for the PD conditions is used and
topography is reduced by 120 m in order to account for the sea-level change during the
LGM. The bathymetry in the model is reduced uniformly from the bottom so the surface
and intermediate forcing remained unchanged. The effect of missing bottom water for
the mass balance at the lateral boundaries is small (~0.05 Sv).

Selection of boundary conditions and model configuration for the LGM
experiments is described in sections 2.2 and 2.3. Overview of sensitivity experiments is
given in Table 4-1.

Table 4-1 Glacial sea level lowering sensitivity experiments.

Experiment Sea level change Boundary Conditions
PD - control 0 m PD
PD-120 —120m PD
LGM — 120 m LGM

In addition to these experiments, LGM model simulation is repeated with
different boundary forcing in order to test sensitivity of model circulation to the choice
of the glacial boundary conditions. The experiments include sensitivity to wind stress
forcing (LGM — ECHAM3), surface temperature and salinity (LGM — NCAR) and
variations in lateral boundary transport (LGM — cyclic). The overview of the LGM
sensitivity experiments is given in Table 4-2.

Table 4-2 Sensitivity experiments for LGM boundary conditions. ECHAM3 refers to wind stress forcing
taken from the AGCM experiment with cooled tropics [Lohmann and Lorenz, 2002], MOM refers to the
data derived from OGCM MOM simulation of Paul and Schifer-Neth [2003] and NCAR refers to the
coupled AOGCM experiment [Shin et al., 2003].

Experiment Wind forcing Surface SST and SSS restoring Lateral transport
LGM - ECHAM3 ECHAM3 MOM MOM constant
LGM — NCAR NCAR CSM NCAR CSM MOM constant
LGM — cyclic MOM MOM MOM annual cycle

65



4.3 Impact of topographic changes
4.3.1 Mean circulation

With the sea level lowered by 120 m in PD — /20 experiment, the mean current
system through the Indonesian passages is similar as in the PD - control run (Figure
4-1). The main flow takes route through Makassar Strait and turns eastward towards the
eastern outflow passages. The difference appears in the Banda Sea where deep water
gyre is reduced and in exit passages, where currents through Lombok Strait are weaker
and the flow towards the east is intensified especially in the Timor Strait.
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Figure 4-1 Mean annual depth-integrated flow (m?s™") through the Indonesian Gateways in PD — /20
experiment (left) and difference in depth-integrated currents between PD — /20 and PD — control
simulation (right).

Values of the mean volume and heat transport are given in Table 4-3. The mean
volume transport through Makassar Strait does not change significantly with lowering
of the topography. However, heat transport within Makassar Strait is increased by 0.05
PW compared to PD — control simulation. The volume transport through Lombok Strait
is reduced by ~50 % and the related heat transport is decreased. The Ombai Strait
transport does not change significantly while the Timor Strait transport is almost
doubled. This leads to the increase in heat transport through eastern outflow passages of
0.15 PW.
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Table 4-3 Volume and heat transport reference to 0°C in the PD - /20 simulation. The numbers in
brackets give minimum and maximum value of the transport. Positive values indicate southward transport
towards the Indian Ocean.

Volume Transport (Sv) Heat Transport (PW)
Makassar Strait 9.5+£22 0.66£0.18
(5.6-13.1)
Sulawesi — New Guinea 27+£22 0.08 £ 0.25
(0.9-6.5)
Lombok Strait 1.8+£0.6 0.19£0.06
(0.7-2.4)
Ombai Strait 5.6£0.6 0.29 + 0.06
(4.5-6.6)
Timor Passage 49+0.5 0.30+0.05
(4.1-5.8)
TOS 10.3+£0.5 0.58 +£0.08
9.4-112)
ITF 12.8+0.5 0.83+0.15
(12.0-13.8)

Since Makassar Strait volume transport seems not to be significantly effected with
the topographic changes, the PD — /20 experiment is repeated with different values of
the total transport prescribed at the boundary. The results are compared with the PD
sensitivity experiments with the modern bathymetry (Figure 4-2). The same linear
response of Makassar Strait volume transport to the net prescribed transport is found
even if the sea level lowering is taken into account. However, transport values show
higher variability in the PD — /20 experiments.

18 ——PD - control
16 - X PD-120

MK volume transport (Sv)

0 T I T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Total volume transport (Sv)

Figure 4-2 Response of the volume transport within Makassar Strait (MK) to scaling of the lateral
boundary transport for PD — control (red) and PD — 7120 experiment (black). The error bars indicate
maximum and minimum values of the model transports.

Even though, topographic changes do not seem to changes significantly mean
volume transport, they have impact on the net heat transport towards the Indian Ocean
due to the modified vertical profile of the flow (see 4.3.3). The net increase in Makassar
Strait heat transport is 8.2% compared to the PD — control simulation. In the PD —
control experiment Makassar Strait carries 76.2% of the total volume transport.
However, the heat transport values 83.3% of the total ITF heat transport since the flow
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carries mainly surface and intermediate waters. For the similar volume transport, this
value is increased to 88.8% in the PD — /20 experiment. The heat transport values
within Makassar Strait are plotted against the total volume transport prescribed on the
boundary for various values of the inflow transport (Figure 4-3). With given linear
relationship of Makassar Strait volume and heat transport to the boundary forcing it is
generally possible to estimate total ITF transport from the local measurements or
reconstructions.
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Figure 4-3 Response of the heat transport relative to 0°C within Makassar Strait (MK) to scaling of the
boundary volume transport for PD — control experiment and PD — /20 experiment. The error bars
indicate heat transport standard deviation.

4.3.2 Seasonal variability

The seasonal cycle of the transport within Makassar Strait is changed due to the
sea level lowering (Figure 4-4). Maximum of transport appears from December to April
during the NW monsoon phase and monsoon transition, and minimum of the flow
appears from June to September during the SE monsoon phase.
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Figure 4-4 Makassar Strait volume (Sv) (top) and heat transport relative to 0°C (PW) (bottom) time-
series in PD — /20 (thick) and PD — control (dash) experiment with negative values indicating southward
transport.
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During the NW monsoon, the surface flow through Makassar Strait is intensified
with the southward winds within the Strait. Blocking of the surface flow due the low
salinity Java Sea waters present in the PD — control simulation is absent since the
shallow Java Sea is exposed during the LGM (Figure 4-5 left). During the SE monsoon,
the wind reversal pushes the surface Banda Sea waters towards the southern Makassar
Strait. The surface water piles up in the southern Makassar Strait since it is not able to
flow into the Java Sea and the Lombok Strait is significantly closed (Figure 4-5 right).
This results in blocking of the southward surface flow through Makassar Strait. In this
way the seasonal cycle is reversed compared with the PD - control run and
observations.
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Figure 4-5 Seasonal changes in the surface circulation patterns when sea level is lowered (PD — /20
experiment). Surface salinity (psu) and currents (ms™) for ovember — February (top) and May — August
(bottom) are illustrated.

With Lombok Strait transport significantly reduced due to the sea level lowering,
the main outflow towards the Indian Ocean is provided through eastern exit passages.
The time series of volume transport within main passages in PD — /20 experiment are
correlated to the PD — control transports in order to estimate possible shifts in the
seasonal cycles of the net outflow towards the Indian Ocean (Figure 4-6).

The eastern passages show higher transport values during the SE monsoon phase
as expected from the PD — control simulation. The strong surface flow during the boreal
summer seems to be related to local wind forcing and is not directly associated to the
surface circulation in Makassar Strait. However, changes in seasonality within
Makassar Strait might have impact on the ocean-atmosphere coupling within the
Indonesian Seas and induce possible changes in the hydrological cycle. So far, no study
has been done concerning seasonal interaction of the ITF with surface Indian Ocean
circulation or feedbacks with the monsoonal system. Unfortunately, such mechanisms
could not be investigated with the ocean only model and are out of scope of this study.
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Figure 4-6 Lagged correlation of volume transport between PD — /20 and PD — control experiments for
the main passages. For example, a positive correlation for MK at -1 month lag indicates that volume
transport in Makassar Strait in PD - /20 leads the transport in PD — control by 1 month.

4.3.3 Vertical structure

The sea level lowering has significant impact on the vertical profile of the flow
within Makassar Strait. With the shelf region exposed in the PD — /20 experiment, the
main flow within Makassar Strait is constraint by the narrow and deep Labani Channel
in the central of the passage (Figure 4-7). With the same boundary forcing as in the PD
— control run, the velocities through the channel are increased, however, the net volume
transport remains unchanged.

The shallow Dewakang Sill in the southern Makassar Strait controls the vertical
structure of the flow. The reduction of the sill depth from 670 m to 550 m due to the sea
level lowering results in intensification of the surface flow through the passage (Figure

4-8). Below the sill depth the transport is zero.
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Figure 4-7 Density field (kgm™) and mean meridional velocity contours (ms™) in Makassar Strait at 4°S
in PD — /20 experiment.
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Figure 4-8 Makassar Strait cumulative transport (Sv) (left) and velocity profile (ms™) (right) at 4°S in PD
— 120 (thick) and PD — control (dash) simulation. Negative values indicate southward transport. The right
scale refers to the glacial topography.

Even though the topographic changes do not reduce the mean volume transport
through Makassar Strait, changes in the vertical structure of the flow result in modified
meridional heat transport. The intensified surface flow gives increase in net heat
towards the Indian Ocean (Table 4-3).

Impact of changes in the vertical profile of the ITF on the Indian Ocean have been
tested in the mixed-layer ocean model [Song and Gordon, 2004]. The vertical profiles
of the transport within Makassar Strait in the PD - contro/ run is similar to the
thermocline intensified profile from model experiments of Song and Gordon [2004],
while the lowered topography profile in the PD — /20 simulation resembles to the
surface intensified profile (Figure 4-9).

The results of Song and Gordon [2004] show that the thermocline intensified
transport leads to warming of the intermediate waters in the Indian Ocean by
approximately 0.5°C. The total integrated meridional heat transport in the Indian Ocean
is reduced by 0.1 PW. The magnitude of change is 25% as if the ITF was closed. This is
a significant change considering that the change in the volume transport is just 1 Sv in
the thermocline levels. However, the surface temperature signal in the Indian Ocean is
small (maximum 0.05°C in the eastern Indian Ocean) and the net impact on the tropical
climate is still not clear.
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Figure 4-9 Vertical profile of the cumulative transport (Sv) within Makassar Strait from surface to
bottom (red) for the PD — control experiment (dash), PD - 120 experiment (thin) and difference between
two runs (thick). The profile is compared to the Song and Gordon [2004] results (black) with surface
intensified (thin) and thermocline intensified (dash) transport.
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4.4 Last Glacial Maximum simulation
4.4.1 Mean circulation

When glacial boundary conditions are taken into account in the LGM experiment,
the model developed circulation is similar to the PD — 120 simulation with the bulk of
the ITF flowing through Makassar Strait, reduced Banda Sea deep water circulation and
intensification of the flow through eastern outflow passages (Figure 4-10). However,
the mean current field is weaker than in the PD — control experiment due to the reduced
velocity values prescribed at the lateral boundaries to account for the LGM reduction in
transport. Therefore, it is important to emphasize that the net LGM transport reduction
is mainly set by the boundary conditions taken from the global OGCM MOM [Paul and
Schdfer-Neth, 2003] and is not independent result of the regional model.
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Figure 4-10 Mean depth-integrated circulation (m?™) and temperature (°C) at 100 m depth in the LGM
experiment.

The transport values within the major passages and the net outflow at the sections
in the Indian Ocean are given in Table 4-4. The volume transport in the LGM
simulation within Makassar Strait is reduced by 34.4% compared to the PD — control
experiment which is in agreement with the total reduction of the transport at the
boundaries in the LGM experiment set to 2/3 of the PD value. The resulting Makassar
Strait transport in the LGM experiment is 75.3% of the total ITF value. This result
corresponds well to the PD — /20 experiments where the results suggest that glacial sea
level lowering does not significantly change mean volume transport within Makassar
Strait and that Makassar Strait transport depends linearly on the prescribed boundary
transport (see 4.3).
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Table 4-4 Volume and heat transport reference to 0°C in the LGM simulation. The numbers in brackets
give minimum and maximum value of the transport. Positive values indicate southward transport towards
the Indian Ocean.

Volume Transport (Sv) Heat Transport (PW)

Makassar Strait 6.1+2.1 0.43 +0.23
(2.7-9.4)

Sulawesi — New Guinea 2.0+2.1 0.05+0.17
(1.3-5.4)

Lombok Strait 1.6 £ 0.8 0.16 £ 0.09
(0.1-2.7)

Ombeai Strait 3.7£09 0.17 £ 0.04
(2.2-4.9)

Timor Passage 2.8+0.5 0.17+0.05
(1.8-3.8)

TOS 6.6+1.0 0.33 £ 0.06
(4.9-8.2)

ITF 8.7+0.6 0.53+0.14
(7.1 -10.1)

The volume transport through Lombok Strait is similar to the PD — 720
experiment value. Ombai Strait transport is reduced by 37.3% compared to the PD —
control experiment. Timor Strait transport is decreased compared to the PD — 720
experiment, however it remains similar to the PD — control value.

Net heat transport in the LGM simulation is reduced due to the lower volume
transport values and colder temperatures. Impact of both surface and lateral boundary
forcing on the ITF heat transport is analysed in section 4.5. Reduction of net heat
transport within Makassar Strait is 29.5% compared to the PD — control experiment,
while the total ITF heat transport is reduced by 34.2%.
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Figure 4-11 LGM potential temperature and salinity in the Indonesian Seas between 110°E — 135°E and
8°S — 0°. Note higher salinity values by 1 psu compared to PD — control run.
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Temperature and salinity values in the LGM simulation show absence of low
salinity surface water in the Indonesian Seas (Figure 4-11). The salinity values in the
model are higher in average by 1 psu. Average salinity in the model in the LGM
simulation is Sy=35.4 psu. The freshwater transport at 4°S referenced to average salinity
S¢=35.52 psu is 0.041 + 0.012-10° kgs™', while taking the PD value of S¢=34.64 psu the
freshwater transport is 0.169 + 0.010-10° kgs”. The magnitude of salt exchange is
increased in LGM simulation compared to PD. However, the values are comparable
only in a closed system and therefore net transport on the Indian Ocean should be
analysed on the global scale. Relative contribution of different Pacific water masses in
the Indonesian Seas is hard to analyse since the hydrographic data have considerably
different values at the LGM and characteristics of the individual water masses should be
redefined in scope of glacial climate conditions.

4.4.2 Seasonal variability

The seasonal variations in surface circulation in Makassar Strait are similar as in
the PD — /20 experiment giving the strong surface outflow during the NW monsoon
phase (Figure 4-12 left) and weak surface flow during the SE monsoon phase due to the
accumulation of the Banda Sea waters in the southern Makassar Strait (Figure 4-12
right). Maximum of the transport appears from November to March, while minimum of
the transport appears in September. In the LGM simulation, strong northward surface
flow is developed near and across the equator during the SE monsoon. Intensification of
the northward surface currents is most likely associated with the LGM wind field
applied in the model. Analysis of the LGM atmospheric forcing simulated by the global
AGCM [Lohmann and Lorenz, 2000] shows reduction in size and westward shift of the
low pressure system in the western tropical Pacific resulting in intensified northward
winds across the Indonesian Seas. These results have to be considered in scope of the
whole tropical atmospheric system adjustment to glacial conditions and their impact on
the local wind forcing should be taken with caution.
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Figure 4-12 Monsoonal changes in surface circulation in LGM experiment for November — February
(left) and May — August (right). Colour scale indicates salinity values (psu) and vectors velocity (ms™).
Note higher salinity values in the LGM simulation.
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Figure 4-13 Lagged correlation of volume transport in the main passages between PD — control and LGM
experiment. For example, a positive correlation for MK at -2 month lag indicates that volume transport in
Makassar Strait in LGM simulation is leading the transport in PD — control experiment by 2 months.

The transport correlations between the PD — control and LGM simulations in the
main passages are illustrated in Figure 4-13. The seasonal cycle of the flow in Lombok
Strait in the LGM simulation shows strong outflow from December to April, while the
weak flow appears from August to October. Changes in seasonal cycle in the Lombok
Strait correspond to the changes in Makassar Strait seasonality in the LGM simulation
giving maximum of the outflow during NW monsoon phase. Variations of transport in
Lombok Strait are stronger when LGM forcing is taken into account giving almost zero
outflow into the Indian Ocean in August/September.

Ombai Strait seasonal cycle of volume transport shows high outflow values from
July to November and weak transport from March to May. The timing of strongest and
weakest outflow appears during the monsoon transitions and is therefore shifted
compared to the PD — control experiment. Timor Strait seasonal cycle of the flow
differs significantly between the PD — control and LGM run. In the LGM simulation,
volume transport is increased during the SE monsoon phase from April to September
and decreased during the NW monsoon phase from November to February. The change
in the seasonal cycle in this case seems not to be related with the changes in topography
since the seasonal variations in the PD — control and PD - 120 experiments are similar.

4.4.3 Makassar Strait

Mean flow within Makassar Strait in the LGM simulation is weaker then the PD —
control experiment. The flow is strongest in the upper 200 m (Figure 4-14).
Intensification of the surface flow can be associated with the topographic changes as
shown in PD — 120 experiment. The vertical profile of the flow is similar to the PD —
120 experiment, though the intermediate flow is reduced (Figure 4-16). Geostrophic
balance gives good estimate of the vertical profile of the flow suggesting that magnitude
of the ITF transport in LGM can be reconstructed from the density field within
Makassar Strait.

Mean SST in Makassar Strait in the LGM simulation is reduced by 2°C (Figure
4-15 left). The deep water temperatures are colder by ~3°C, while changes in the
thermocline are small. Salinity values in Makassar Strait are higher by ~0.8 psu
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throughout the water column (Figure 4-15 right). The low surface salinity values
associated with the presence of the Java waters are absent in the LGM simulation.
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Figure 4-14 Makassar Strait mean density stratification (kgm-3) and velocity contours (ms-1) at 4°S (left)
and zonally averaged temperature field (°C) with velocity contours (ms-1) in the LGM simulation.
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Figure 4-15 Makassar Strait temperature (°C) (left) and salinity (psu) (right) profile at 118.5°E, 4°S in
LGM (thick) and PD - control (dash) simulations.
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Figure 4-16 Geostrophic approximation of Makassar Strait velocity profile (dot solid line) in the LGM
simulation compared to mean meridional velocity (ms™) (solid line) at 118.1°E, 4°S and its barotropic
component (dash line). Negative values indicate southward velocities.

Density driven flow The density gradient between the West Pacific (WP) and
East Indian Ocean (EIO) is analysed in the LGM simulation (Figure 4-17) and
compared to the transport variations within Makassar Strait as in section 3.4.4.

The average steric height difference between WP and EIO is 11.6 + 3.2 cm with
reference level H=1000 m which is significantly higher than in the PD — control
simulation (2.2 £ 1.6 cm). This would suggest increase in density driven transport in the
LGM simulation. However, net transport simulated in the LGM experiment is reduced
compared to PD — control run. The reduction in LGM experiment is related to
barotropic flow as prescribed on the boundaries. Difference in density stratification in
the LGM simulation might be result of reduced mixing of Pacific and Indian Ocean
water masses which is consequence of reduced transport and topographic blocking. This
result suggests that given theory of density forcing [Andersson and Stigebrandt, 2004]
can not provide explanation for the reduced ITF magnitude at the LGM. Moreover it
would lead to increase in LGM transport which is not expected.

Time correlation of steric height difference between WP and EIO variations and
Makassar Strait volume transport in the LGM simulation shows lag of 1-2 months of the
Makassar Strait transport (Figure 4-18), while in the PD simulation the variations were
in phase. This result might be related to the different wind forcing used in the LGM
simulation. If the Wyrtki [1987] hypothesis is considered, the variations of sea level
difference between Pacific and Indian Ocean are governing the ITF variability. The
steric height calculations include only density variations in sea surface height, but not
the wind forced variations. Considerably different regional winds in the LGM
simulation might change the expected signal in sea level.
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The aim of this analysis was to examine proposed theory of the main forcing of
the Throughflow during the glacial and to find possible analytical estimate of the ITF
magnitude which could be used in past climate research. The PD estimates of the ITF
magnitude using steric height difference are highly dependant on the region used in
calculation. The model results show that the given theory of DBP drained by the sea
level difference between Pacific and Indian Ocean [Andersson and Stigebrandt, 2004]
could not be directly applied under glacial conditions. Despite its simplicity, this
method seems unreliable to be used for estimating the Throughflow.
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Figure 4-17 Mean LGM steric height (cm) reference to 1000 m with indicated areas (black boxes) used in
calculation of pressure difference in the model.
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4.4.4 Lombok Strait

Changes in topography lead to decrease in flow through Lombok Strait by
reducing the aperture of the passage as shown in the PD — /20 experiment (see section
4.3.1). The mean surface flow through Lombok Strait in the LGM simulation remains
strong compared to the PD — control run. However, the flow is confined in the top 100
m (Figure 4-19) and below the sill depth the currents are decreased to almost zero.
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Figure 4-19 Lombok Strait along-channel mean annual density stratification (kgm™) and velocity field
(ms™) at 115.7°E with negative values indicating flow towards the Indian Ocean.

Mean temperature profile in the Lombok Strait shows colder temperatures by ~
2°C in the LGM simulation throughout the water column (Figure 4-20 left). Mean
salinity values in Lombok Strait are higher by ~0.7 psu except for the surface salinity
values which are increased by ~1.4 psu compared to the PD — control experiment
(Figure 4-20 right). The observed low surface salinity values are associated with the
strong river runoff in vicinity of Lombok Strait [Sprintall et al., 2000]. River runoff is
not included in the model and possible salinity minima at the LGM can not be excluded.
Mean SSS increase in the Lombok Strait in the model is related to absence of low
salinity Java waters and applied surface salinity restoring with higher values in the
LGM simulation.
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Figure 4-20 Lombok Strait temperature (°C) (left) and salinity (psu) (right) profile at 115.7°E, 9°S in
LGM (thick) and PD - control (dash) simulations.

4.45 Ombai Strait
Mean flow through Ombai Strait in the LGM experiment shows reduced outflow

towards the Indian Ocean compared to the PD - control run (Figure 4-21). The surface
flow is intensified on the eastern side of the passage.

-

150 +

Depth (m)
|

250 H

350

T T T T T
122.6%E 123.0°E 123.4°E 123.8°E 124.2°E 124.6°E 125.0°E 125.4°E

Figure 4-21 Ombai Strait cross section at 8.6°S with the mean annual density stratification (kgm™) and
velocity field (ms™) in the LGM experiment. Negative values indicate flow towards Indian Ocean.

Temperature profile shows reduction in the SST by ~2°C and ~3°C colder
temperatures in the deep part of the Strait in the LGM experiment (Figure 4-22).
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Salinity values in Ombai Strait are increased by ~0.8 psu in the top layer, while even
higher salinity anomaly (~1.2 psu) appears below 1200 m.
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Figure 4-22 Ombeai Strait temperature (°C) (left) and salinity (psu) (right) profile at 124.5°E, 8.6°S in
LGM (thick) and PD - control (dash) simulations.

4.4.6 Timor Strait

Mean flow through the Timor Strait is significantly changed under glacial
conditions. Shelf region and associated coastal currents are absent in the LGM
simulation and the flow is confined in the central deep channel (Figure 4-23). The
eastward current through the passage is intensified giving strong surface and
intermediate water flow.

Temperature and salinity profiles are plotted for the location within the deep
channel in Timor Strait (Figure 4-24). Comparison of simulated LGM temperature with
PD — control run shows surface cooling of ~2°C and deep water cooling of almost 4°C.
Thermocline levels show small difference in temperature stratification. Salinity values
are higher between 0.9 at the surface to 1.2 psu at the deep levels.
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In order to give general illustration of the changes in ITF hydrography and
velocity structure in glacial simulation, TOS transect in Indian Ocean is analysed
including both eastern exit passages. The position of transect is chosen for future
detailed comparison of model results with paleoceanographic data.

The flow at the TOS transect in the LGM experiment shows main outflow in the
top 200 m (Figure 4-25). The flow is intensified at the northern part of the transect.
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Figure 4-25 Density stratification (kgm™) and velocity contours (ms™) on the TOS transect in the LGM
simulation (top) and difference between LGM and PD simulation (bottom). Negative values indicate flow
towards the Indian Ocean. Values on the x axis indicate distance in 13.5 km from the Java coast

Comparison of the temperature field in the upper 200 m between LGM and PD —
control experiment at the TOS transect (Figure 4-26) shows cooling in the surface
levels by 2-3°C. Weaker cooling of ~ 1°C appears in the subsurface levels at 80 —
150m. Low salinity values in the LGM experiment are found at the TOS transect in the
upper 100 m. However, salinity anomaly in the glacial experiment is strongest at the
surface (~1 psu) while at 100 m depth salinity change is ~0.6 psu. Salinity maximum of
35.5 psu is found at 120 — 200 m depth.
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4.5 Sensitivity to glacial boundary conditions
4.5.1 LGM wind stress

The model developed LGM circulation shows higher amplitudes in transport
within Makassar Strait and exit passages than in the PD — control experiment. The
seasonal cycle of the volume transport is shifted compared to the PD - control and PD —
120 simulations. All these effects may be related to the changes in the wind forcing. To
analysed relative importance of the choice of wind stress forcing to the glacial ITF,

LGM and LGM — ECHAM3 experiments are compared.
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Figure 4-28 Mean surface circulation (ms™") in LGM (left) and LGM — ECHAMS3 simulation (right).

Mean surface circulation differs between the LGM and LGM — ECHAMS3
experiment (Figure 4-28). The northward flow across the equator is absent in the LGM
— ECHAM3 simulation, confirming that the currents are indeed associated with the
applied glacial wind forcing and that this result should be taken with caution if the local
glacial wind field is not well known. The coastal current in the Celebes Sea is
developed in the LGM — ECHAM3 simulation and southward flow through Makassar
Strait is intensified compared to the LGM experiment.

The seasonal cycle of the volume transport in Makassar Strait shows difference
between the two simulations with different glacial wind forcing (Figure 4-29). The
strongest flow appears from September — November in the LGM experiment, while the
high transport values appear from January — March in LGM — ECHAM3 simulation.
The amplitude of the volume transport in Makassar Strait is increased in LGM —
ECHAMS3 simulation compared to both PD — control and LGM experiments. The
increase in amplitude in volume transport in Makassar Strait might be related to the
stronger along- channel wind field forcing used in the LGM — ECHAM?3 simulation.

However, the volume transport through eastern passages does not show large
differences between the LGM and LGM — ECHAM3 simulation. Even though the
timing of maximum of transport is shifted from October in LGM experiment to
November in LGM — ECHAM3 simulation, the main seasonal variability is preserved
and the amplitude is similar in both glacial wind experiments.
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The results suggest that the applied glacial wind forcing might have strong impact
on the surface circulation and seasonal changes in the ITF region. Additional factor is
the difference in global model estimates of the strength of the glacial wind field that can
lead to large differences in amplitude of the ITF. Moreover, response of the transport
variability to the glacial wind forcing differs between Makassar Strait and exit passages
and should be considered separately. Without further constraints on the glacial wind
field, the results of the LGM variability in the ITF should be taken with caution.

4.5.2 LGM surface forcing

The ITF heat transport is reduced in the LGM experiment compared to the PD —
control and PD — 120 simulations, even though the glacial results suggest intensified
surface flow. One of the possible causes may be found in the cooling of the SST at the
LGM that could lead to decrease in heat transport. In order to estimate relative impact
of the surface boundary conditions to the ITF heat transport, sensitivity experiment with
different surface boundary forcing (LGM — NCAR) is compared to the LGM
experiment.

Model developed temperature field at 30 m depth in the LGM — NCAR
experiment shows generally colder temperatures by 1 - 2°C in the Indonesian Seas
(Figure 4-30). In both LGM and LGM — NCAR experiment the ITF heat transport is
reduced compared to the PD simulations. The estimate of Makassar Strait heat transport
in two different representations of surface boundary conditions differs by 0.02 PW. This
is considerably smaller than the difference between the PD and LGM experiment where
the reduction in the heat transport is approximately 0.1 — 0.2 PW. The representation of
the sea surface boundary conditions plays a secondary role in control of the ITF heat
transport.
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Figure 4-30 Mean surface circulation (ms™) and temperature at 30 m depth (°C) in LGM - NCAR
experiment (left) and difference in circulation between LGM — NCAR and LGM simulation (right).

4.5.3 LGM lateral boundary conditions

The total ITF volume transport in the previous LGM experiments is held constant
at the lateral boundaries. The sensitivity experiment (LGM — cyclic) is performed where
the glacial boundary transport is interpolated from the monthly climatology of the LGM
experiment of Paul and Schdfer-Neth [2003]. In this way, possible changes in the
vertical structure of the current system during the LGM at the boundaries are taken into
account and the transport is allowed to vary on the monthly time-scale.

With variable total transport at the lateral boundaries, Makassar Strait volume
transport is reduced by ~1 Sv compared to the LGM experiment. Seasonal cycle of the
volume transport is similar to the LGM simulation (Figure 4-31). Strong transport
appears during the NW monsoon phase from November to April. Weak flow appears
from July to October even if the boundary transport gives maximum of the flow from
July to September (Figure 2-10).

Seasonal cycle of the volume transport at the eastern exit passages shows shift
when variability in boundary transport is taken into account. Timing of the maximum of
transport is in October in LGM experiment, while maximum of transport appears in
August — September in LGM — cyclic experiment.

88



Correlation

T T T T T T
—6.0 4.0 -2.0 0.0 2.0 4.0 &.0
MK: LGM — LGM CYC
— == T0S: LGM — LGM CYC Lag (months)

Figure 4-31 Correlation of the volume transport in the Makassar Strait and at the TOS transect between
LGM and LGM - cyclic experiments. A positive correlation for TOS at -1 month lag indicates that
volume transport at TOS transect in LGM simulation is lagging the transport in LGM — ¢yclic experiment
by 1 month.

In all LGM simulations Makassar Strait heat transport is reduced compared to the
PD. The heat transport is primarily dependent on the volume transport prescribed at the
boundary and scales linearly even if the topographic changes are taken into account.
Therefore, a reliable estimate of the total ITF volume transport at the LGM is necessary
to calculate changes in the heat transport. In Figure 4-32 are given estimates of the heat
transport within Makassar Strait for various representation of boundary conditions. The
relative change between the PD and LGM simulation always shows reduction in the
heat transport and the boundary forcing plays a secondary role.
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Figure 4-32 Response of the heat transport relative to 0°C within Makassar Strait (MK) to the prescribed
volume transport at the lateral boundaries for LGM (blue symbols) and PD (red symbols) simulations.
Linear trend line is calculated for PD - control experiments with scaling of boundary transport.
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4.6 Conclusions

Impact of topographic changes during the LGM on the ITF heat and volume
transport is investigated in the regional model. The model results show that the glacial
sea level lowering alone does not seem to reduce volume transport within Makassar
Strait. With the sea level lowered by 120 m, the flow through narrow, but deep channel
in central Makassar Strait is intensified and net volume transport is similar as in the PD
— control simulation. However, lowering of the sea level results in changes in vertical
profile of the flow. Due to the shallowing of the sill in southern Makassar Strait, the
flow in LGM simulation is more surface intensified which leads to an increase in heat
transport towards the Indian Ocean. Even small changes in ITF vertical profile might
have impact on the Indian Ocean heat balance [Song and Gordon, 2004]. However, this
effect is small (~0.05 PW) compared to the experiment when glacial boundary
conditions are applied and the heat transport within Makassar Strait is reduced by 0.18
PW. The glacial boundary conditions include cooling which can be one of the factors in
decreasing the heat transport. A comparison of sensitivity experiments with surface
forcing taken from different global LGM simulations [Paul and Schdfer-Neth, 2003;
Shin et al., 2003] gives small difference in heat transport (0.02 PW) suggesting that
representation of boundary forcing plays a secondary role in controlling the heat
transport. The primary factor determining the reduction of heat transport is the total ITF
volume transport prescribed on the boundaries. The reduction of volume transport of
about 1/3 of the PD value in the glacial boundary conditions is an estimate taken from
global LGM model simulation [Paul and Schdfer-Neth, 2003] and does not seem to be
related to local ocean dynamics. The steric sea level difference between the Pacific and
Indian Ocean does not seem to be sufficient to explain changes in the volume transport.
Moreover, the density difference between the Pacific and Indian Ocean is higher in the
LGM simulation. The analytical model of the wind forced circulation around the island
[Godfrey, 1989] could not be tested in the regional model due to the limited domain.
What sets the net reduction in transport during the LGM still remains unclear.

The sea level changes have significant impact on seasonal variations of the
surface flow in Makassar Strait resulting in reversed seasonal cycle compared to the PD
monsoonal circulation. During NW monsoon the flow is intensified since the blocking
of the surface flow by low salinity Java Sea waters in southern Makassar Strait is
absent. During SE monsoon the flow is decreased due to accumulation of Banda Sea
waters in southern Makassar Strait. The reversal of seasonal cycle is related to the
topographic changes only, but could be further modulated with the local wind forcing
during the LGM. Applied glacial wind forcing in the model suggests higher amplitudes
in seasonal variations during the LGM. However, with large uncertainties in global
model estimates of the strength of glacial wind field this result should be taken with
caution. The dynamical aspects of the impact of changes in seasonal cycle within
Makassar Strait on the climate system are not known. However, this mechanism should
be taken into consideration when the local paleoclimatic evidence for the LGM is
analysed.
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5. Particle distribution patterns

5.1 Introduction

Marine biota and geochemical/sedimentological tracers are one of the primary
sources of data for understanding past climate changes. Reconstructions of changes in
ocean circulation and water masses properties largely depend on assumptions of
particles distribution in the ocean. Beside ocean dynamics, numerous factors influence
particle composition in the ocean such as terrestrial input, hydrological, chemical and
sedimentation processes, as well as biological factors when marine organisms are used
as a proxy. For a qualitative analysis of water samples or sediment core records, variety
of different agents working together need to be taken into account and very often, the
resulting signal is difficult to interpret. In this study, a regional OGCM with Lagrangian
particle-tracing module is employed to simulate dispersal of particles within the
Indonesian Gateways. The focus of the study is on the particles origins, pathways,
residential time and velocity of propagation within the Indonesian Seas. The simulated
particle trajectories are associated with ocean circulation only and can be therefore
isolated from other factors.

One of the proxy for assessing past changes in the intensity of the ITF on glacial-
interglacial time-scales are clay minerals eroded from the soil by rivers and wind action
and entrained in the water masses circulating in the region [Gingele et al., 2001a,b].
Transport of clay minerals mainly by surface and subsurface ocean currents can be
observed by the patterns on the sea floor and give clues on the extent and propagation of
the water masses. Clay mineral assemblages in sediment cores are closely related to the
geology and weathering regime in the region and are therefore not only a proxy for the
past changes in intensity of the ocean currents, but also for the nature of paleoclimatic
processes of the adjacent land masses. For example, kaolinite and chlorite are entrained
in the low salinity ITF waters on its way through the Indonesian Gateways and are
transported into the Timor Passage, while local input in Timor Strait is characterized by
illite. Reduction in kaolinite and chlorite reaching Timor Passage during the LGM may
indicate reduced volume transport of the ITF, but also a reduction in the input of
chlorite due to the drier conditions on land. Both ocean currents and weathering regime
in the Indonesian Gateways are under influence of monsoonal wind variations (Figure
5-1). Changes in monsoonal wind forcing during the LGM as well as different land-sea
distribution might result in different dispersal patterns during the glacial periods.

The analysis of particle trajectories by a regional ocean model can be helpful in
several ways to interpret the paleoclimatic records. First of all, the impact of ocean
dynamics on the particle dispersal can be isolated from other factors. For example,
changes in the land-sea distribution, river runoff, local hydrological cycle and winds
might influence the terrestrial input of particles in the ocean. The changes in terrestrial
input at the LGM are not included in the regional model. However, impact of glacial
climate conditions on ocean currents is taken into account giving a possibility to
separate and quantify the ocean influence on particle distribution during the LGM.
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Figure 5-1 Present-day clay mineral sources and distribution within the Indonesian Gateways for SE
monsoon phase (left) and NW monsoon phase (right). From Gingele et al. [2001].

For the reconstructions of global climate changes such as global ice sheet growth,
basin scale changes in SST and SSS by analysing isotopic composition of the
foraminifera, it is very important to distinguish between the local climatic influences
and the global signal. Therefore, the sampling sites need to be carefully chosen. High-
resolution OGCM experiments give main pathways of the particles showing the regions
where the mean local dynamics in the ocean can be tracked. The particle distribution in
the model gives information of spreading of the marine biota or tracers of different
water masses within the region. This can help in the future to avoid sampling sites with
high local impact or give hint for a possible good sampling site.

Sedimentation processes such as changes in accumulation rates related to grain
size, bottom velocity and friction are not included in the model. However, established
mean ocean circulation within the Indonesian Seas for modern and glacial conditions
might be in the future used as a base for detailed sediment modelling in the possible
regions of interest.

In order to help interpret continuous sediment records from the region, sensitivity
experiments are designed to determine the influence of gradual topographic changes on
glacial-interglacial time-scales on the particle distribution within the Indonesian
Gateways. Based on the downcore records from the Sunda Shelf [Geyh et al., 1979;
Hesp et al., 1998; Hanebuth et al., 2000; Hanebuth and Stattegger, 2003; Steinke et al.,
2003], the sea level curve is derived indicating several distinct phases in sea level rise
from the LGM to present-day (Figure 5-2). However, it needs to be noted that the recent
revision of the sea level during the peak glacial results in a somewhat higher estimate of
the sea level lowering (about 127 m compared to 120 m shown in the figure) and even
an larger value of 136 m was considered [Yokohama et al., 2000]. Moderate
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increase in sea level is found since the last glaciation up to 16.5-14.5 ky ago followed
by accelerated sea level rise associated with the flooding at 14.5-14 ky ago. From 14—
8.5 ky ago sea level gradually increased reaching modern coastline position at 8.5-6 ky
ago.

20

[ e — g — T

I — ou
] *?'ah

.20 sea |eve| ‘\\0\\ Y-D B-A
.40 _Z * Geyhetal 1879 |

sea level (meters above present MSL)

7 o Hespsfal, 1998 “%:.:_\
- 60 7 B Hansbuth atal, 2000 ‘!‘":E“:-H_h
] o J
=80 \ﬁ%
] et
-100] TWmE
-120 . T T T T T T T T T T T T T T T T T _'_---_g'__: I
0 5 10 15 20
Cal. Age (ka)

Figure 5-2 Estimated sea-level curve for the Sunda Shelf region compiled from Geyh et al. [1979], Hesp
et al. [1998] and Hanebuth et al. [2000]. Shaded bars indicate the Younger Dryas (Y-D) and
Bolling/Allered (B-A) intervals (ages adopted from Stuiver et al. [1995]). From Steinke et al. [2003].

For this purpose, the high-resolution model simulates particle trajectories
including 120 m sea level lowering corresponding to the LGM, 70 m sea level change
associated with transition between Bolling — Allered (BA) interval and Younger Dryas
(YD) at 12.8 - 13.5 ky ago and 30 m sea level lowering as transition step to the
Holocene and PD value. Unfortunately, boundary conditions for the transition periods
are not well known and the model is in these cases forced by PD climate conditions.
However, glacial particle trajectories are additionally simulated including both
topographic changes and LGM climate conditions. Several seeding areas are used to
characterize propagation of different water masses through the Indonesian Gateways.
The trajectories are analysed for surface, subsurface, intermediate and deep drifters.
Various timings of release are tested in order to capture seasonal variations in the
circulation.
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5.2 Experimental setup

General description of the Lagrangian particle-tracing module is given in section
2.4, while model configuration and boundary conditions for PD - control and LGM
experiments are described in section 2.3.

The particles are released in four seeding areas (Table 5-1). The Celebes Sea (CS)
for testing the dispersal inside the Indonesian Gateways, Mindanao Sea as
representative for North Pacific (NP) source water, New Guinea area for the South
Pacific (SP) source water and eastern Indian Ocean (IO). The floats are released at
surface (5 m), subsurface (105 m), intermediate (395 m) and deep level (945 m) with at
least 500 floats per level. Even though no biota are found at the deeper levels (395 m,
945 m), the trajectories of deep floats are simulated to illustrate pathways and spreading
of the intermediate and deep water masses. For example, possible increase in number of
SP intermediate and deep drifters spread into the Indonesian Seas may indicate higher
contribution of the SP source to the ITF.

Table 5-1 Setup of Lagrangian drifters.

Seeding area Release location Depth level (m) Number of floats per
level
Indian Ocean (10) 111°E—-115°E 5 775
16°S — 12°S
Celebes Sea (CS) 119.5°E — 124.5°E 5,105, 395 589
1.5°N - 4.5°N
North Pacific (NP) 127°E — 130.2°E 5,105, 395, 945 500
4°N - 8°N
South Pacific (SP) 134.9°E — 138°E 5, 105, 395, 945 500
0°N — 4°N

Sensitivity experiments are designed to test impact of the topographic changes on
particle trajectories, seasonal variations in particle dispersal and influence of glacial
climate conditions. In the experiment FLT — control, particle distribution is analysed for
the modern climate conditions using different seeding areas and timing of release (Table
5-2). Simulated particles trajectories are compared to the observed seasonal patterns of
the Indian Ocean surface drifters [Michida and Yoritaka, 1996]. For testing the particle
pathways inside the Indonesian Gateways and in the Indian Ocean, PD — control
configuration of the model is used. PD — ecco configuration (section 3.2) is used for
testing particle trajectories originating in Pacific since the equatorial currents seem to be
better represented when the lateral velocities are taken from a higher resolution model
[MITgcm ECCO project, Stammer et al., 2003] (for results see section 3.6.3).

Impact of topographic changes is tested in FLT — /20 experiments where modern
boundary conditions are used and the sea level is lowered by 30 m, 70 m and 120 m. In
the FLT — seasonal experiments, monsoonal patterns in surface particle distribution are
simulated under PD and LGM boundary conditions with additional experiment PD —
120 using PD climate conditions and glacial topography. To capture seasonal variations
in surface particle dispersal, the floats are released every 2 months in the CS and the
exchange of particles through the Makassar Strait is investigated. Glacial particle
trajectories are further analysed in the FLT — LGM experiments taking into account
different seeding areas, depth and timing of release.
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Table 5-2 Float experiments overview.

Experiment Experiment configuration Release location Timing of release
FLT - control PD - control 10, CS May, November
PD — ecco NP, SP March
FLT -120 PD — control CS May
PD - 30
PD-70
PD - 120
FLT — seasonal PD — control CS January, March, May, July,
PD-120 September, November
LGM
FLT - LGM LGM CS May
LGM — ecco NP, SP March

5.3 Present-day particle trajectories

FLT — control Particle trajectories, velocity of propagation and seasonal patterns
in distribution are analysed for the modern climate conditions using different seeding
areas and timing of release. In Figure 5-3 is shown propagation of thermocline drifters
representing the main flow through the Indonesian Seas for a 1 year period. The
majority of floats (80%) released in CS at 105 m depth flow southward through
Makassar Strait. Small number of floats (4%) is returning into the Pacific Ocean. The
floats reach Indian Ocean after 4 months from the release by exiting through Lombok
Strait. The drifters pass through Ombai Strait after approximately 6 months, while they
reach Timor Strait after more than 1 year. Substantial number of drifters does not flow
through Makassar Strait (26%) and resides in CS. The remaining floats are either
recirculated within eddies in CS, enter the Sulu Sea at northern part of CS or reach the
coast and are excluded from further analysis.

The mean velocities of the particles passing through Makassar Strait in 1 year
period after being deployed in May in CS, and the mean velocity of drifters released in
NP and SP in March during 22 months period are given in Table 5-3. The particle
velocities indicate total magnitude of velocity (V) derived from zonal (u,.) and
meridional (v,,;) particle velocity components:

V= w/uvdz + vvel2 5-1

The average surface velocity within Makassar Strait is calculated by taking into
account floats released every two months during 1 year period and averaged through the
22 months period. Maximum velocity of surface particles in the Makassar Strait
reaches 190 cms™, while maximum velocity of thermocline floats is 80.2 cms™.

Table 5-3 Mean particle velocity (cms™) in FLT — control experiments

Depth Makassar Strait Released in NP Released in SP
(115°E-120°E, 6°S-2°N)
5m 28.4+22.8 29.4+25.1 16.1 £10.9
105 m 17.5+12.9 16.0 + 14.7 11.4+9.38
395m 11.5+7.5 45+38 39+£2.6
945 m 27+1.8 25+1.5
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Figure 5-3 Temporal evolution of particle dispersal through the Indonesian Gateways under PD climate
conditions. The floats are released in May at 105 m depth. Numbers indicate percent of individual floats
passing through the main passages (red boxes) after deployment in CS (black box).

96



The particles released in NP (Figure 5-4 left) enter CS and propagate through
Makassar Strait into the Indian Ocean. However, large part of the floats remains on the
Pacific side and flows eastward following the NECC. The number of drifters entering
the Indonesian Seas depends on the depth of the drifters and moreover, on the time of
release for the surface floats (discussed in 0). For the surface drifters released in March,
86% of the drifters enter the CS and flow towards the Indian Ocean taking the
westernmost route. Only 10% of the surface drifters released in NP reach Indian Ocean
in the period of almost 2 years. The remaining drifters that enters Indonesian Seas is
recirculated in Celebes and Sulu Sea, while part of floats passing through Makassar
Strait enter Java Sea and flows northward around Borneo.

Even though large part of the floats released at 105 m depth is reversed towards
the east (54%) and does not reach Indonesian Seas, the number of drifters entering
Indian Ocean (17%) is larger than for the surface floats suggesting high velocity of
propagation and weaker recirculation. The maximum velocity of the particle released in
NP is almost 225 cms™', while thermocline drifters reach 122.5 cms™.

Small number of intermediate water drifters (17%) enters CS. With Lombok Strait
closed at 395 m depth, the drifters follow eastern pathway, entering the Indian Ocean
through Ombai Strait after approximately 7 months.

The SP drifters do not seem to propagate significantly into the Indonesian Seas
(Figure 5-4 right). Only 2% of the floats enter the Seram Sea near Halamhera at 105 m
depth from the SP source with additional 1% of surface floats coming originally from
the NP. This is consistent with findings of Lukas et al., [1991] and Gordon and Fine,
[1996] suggesting the North Pacific source of the ITF and small contribution of South
Pacific waters. The SP drifters flow westward towards the Indonesian archipelago, but
are reverted near Halmahera into the NECC.

97



NP source SP source

&N - 8N
4°N T 40N -
DG _‘ - DI:I -
= i i i
n 5] IR N
B°S + 8°5 - |
12°5 ] -
16°S A - -
B°N - _
4°N .
E - -
0° - : -
L . . L
= 4e5 - -
8°g o ] -
12°5 A . -
16°5 o - -
I I I I I I
110°E  120°E  130°E 110°E 120°E  130°E
&°N - - 8°N A -
. 4°N - - 4o A -
E o] o]
()] =) _ | ] . -
7 4°5 o - 4°5 1 -
B°S - 8°5 - 1
12°5 o - 12°5 -
168°S A - 165 o -
110°E  12Q°E  130°F 110°E  120°E  130°E

Figure 5-4 Particle trajectories at 5 m (top), 105 m (middle) and 395 m depth (bottom) released in NP
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The trajectories of surface drifters released in eastern Indian Ocean have been
investigated within the JEXAM program to illustrate the surface current filed and its
seasonal changes in the ITF area and in the tropical Indian Ocean [Michida and
Yoritaka, 1996]. Surface drifters deployed between 1990 and 1993 show distinct
seasonal patterns of surface trajectories. The floats released in May circulate within
eddies in the eastern Indian Ocean and flow further towards west and southwest (Figure
5-5 top). The floats released in November drift northward and eastward entering inside
the Indonesian Seas (Figure 5-5 bottom). The measured eastward velocity component of
the drifters that enter Indonesian Seas was generally between 20 - 50 cms ™.
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Figure 5-5 Trajectories of surface drifters deployed in East Indian Ocean in May 1991 (top) and
November 1993 (bottom). The large solid circles mark deployment location. Small solid circles mark the
locations of the first day of every month with the month number. From Michida and Yoritaka, [1996].

A similar experiment is performed with the regional model with floats released in
IO in May and November (Figure 5-6). Initial position of the floats is shifted slightly
east to avoid immediate interaction with the model boundaries. The seasonal pattern in
float trajectories is in relatively good agreement with observations. However, the floats
released in May in the model experiment are propagating faster and further southwest
compared to the observed westward trajectories. Possible reason is applied
climatological wind forcing in the model that might differ from the actual winds in
given years. The northward trajectories of the drifters released in November are
simulated well except for the Lombok Strait where the northward flow is suppressed by
the strong southward outflow.
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Figure 5-6 Seasonal changes in trajectories of the Indian Ocean surface drifters for SE monsoon (top) and
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5.4 Impact of sea level lowering on particle exchange

FLT — 120 Dispersal of surface particles for the 0 m, 30 m, 70 m and 120 m sea
level lowering is illustrated in Figure 5-7. Major part of floats released in May in CS
flows eastward into the Pacific (~ 80%). Number of drifters passing through Makassar
Strait is gradually decreasing with the lowering of the sea level. For the PD conditions,
most of the float trajectories in the Indonesian Seas recirculate around Borneo. During
the SE monsoon phase, when the floats are released, the surface drifters in the southern
Makassar Strait are pushed into the Java Sea and flow further north towards the South
China Sea. During the NW monsoon phase, the drifters are again pushed southward into
Makassar Strait. At the 30 m sea level lowering, the communications with the South
China Sea is blocked, restricting the circulation around Borneo. The floats are
accumulating in the Java Sea and part of the floats passes through the Lombok Strait
into the Indian Ocean. At 70 m sea level lowering, the Java Sea is exposed resulting in
reduced exchange of particles in the southern Makassar Strait. This dispersal pattern
remains similar when glacial topography is taken into account.
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Figure 5-7 Surface floats distribution for sea level lowering of 0 m (upper left), 30 m (upper right), 70 m
(lower left) and 120 m (lower right). The floats are released in May in CS (black box). Numbers indicate
percent of individual floats passing through the main passages (red boxes). Colour scale represents
probability in percent of finding a particle in the area within 1 year period.

The particle trajectories at the 105 m show significantly different dispersal
patterns than the surface trajectories (Figure 5-8). The particle exchange through
Makassar Strait at 105 m depth shows small differences with the changes in topography
(2 — 6 %). Large difference appears in redistribution of the particles between the exit
passages. The exchange of particles through Lombok Strait gradually decreases with the
sea level lowering and is reduced by 71% when topography is lowered form 0 to 120 m.
With restricted exchange through Lombok Strait, the particles take route towards east.
Number of drifters passing through Ombai Strait increases by 5% at 70 m sea level
lowering compared to PD value. With the 120 m reduced sea level the particle exchange
through Ombai Strait does not seem to increase, but the probability of finding particles
in the Timor Strait is significantly larger (by 29% compared to PD value). The Timor
Strait plays major role in exchange of particles when glacial topography is taken into
account. However, all the experiments are performed with PD climate conditions and
when glacial reduction in transport is considered, the net impact of topography on
particle exchange might be reduced. Additional remark needs to be made that analysis is
done for a 1 year period after which approximately 28% of particles passing through
Makassar Strait still resides in the Indonesian Sea.
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5.5 Seasonal patterns in surface distribution

FLT - seasonal The glacial sea level lowering has strong impact on seasonal
variability in surface circulation in Makassar Strait. The seasonal patterns in exchange
of surface particles through Makassar Strait might be significantly different in glacial
periods. To test seasonal variations in the particle distribution through Makassar Strait
with topographic changes and glacial climate conditions taken into account, the floats
have been released in CS every 2 months for a period of 1 year. The particle distribution
is given for NW monsoon phase from November to February with particles released in
November and January (Figure 5-9 left) and SE monsoon phase from May to August
with particles released in May and July (Figure 5-9 right).

In the PD simulation (Figure 5-9 top), the surface floats released in November and
January do not propagate through the southern Makassar Strait, but circulate in northern
part of the passage and CS or are reflected into the Pacific. The floats released in May
and July are able to flow through Makassar Strait and are entering into the Java Sea.
However, the maximum number of particles (41%) passing through Makassar Strait in
PD experiment is not during the SE monsoon phase, but during monsoon transition
from March to May as the period of the strongest outflow in the regional model.

When the topography is lowered (Figure 5-9 middle), the number of floats
released in November and January that passes through Makassar Strait is almost
doubled and smaller number of floats is reflected into the Pacific. However, the floats
released in May and July mainly join NECC and just small number is able to flow
through Makassar Strait. When the LGM boundary conditions are taken into account
(Figure 5-9 bottom), the velocity of the surface floats is reduced and exchange of the
particle through Makassar Strait during the NW monsoon is decreased. The floats
released during the SE monsoon do not propagate into Makassar Strait, but are flowing
northward. The northward intensification of particle dispersal released in May and July
differs from PD particle dispersal and might be related to the applied glacial wind
forcing. With large uncertainties in the local wind field during the LGM, this feature
should be taken with caution.
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Figure 5-9 Seasonal patterns in surface float distribution for PD — control (top), PD — 120 (middle) and
LGM experiment (bottom) for NW monsoon (November to February) (left) and SE monsoon (May to
August) (right). Numbers indicate percent of individual floats passing through Makassar Strait and
exiting Celebes Sea (red boxes). Plotted are particle trajectories for every 20 floats.
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5.6 Glacial particle trajectories

FLT — LGM The mean particle pathways within the Indonesian Gateways for
glacial climate conditions are compared with PD particle trajectories on surface,
thermocline and intermediate water depths (Figure 5-10). The surface particle
trajectories include analysis of floats released in CS every two months during one
annual cycle in order to take into account seasonal variations in particle distribution.
The particle exchange through Makassar Strait during 1 year period is decreased by 7%
in glacial simulation. Overall, small number of particles (3%) reaches Indian Ocean
through Lombok Strait. Maximum velocity of surface particles passing through
Makassar Strait in glacial simulation reaches 167 cms™.

The drifters at 105 m depth have maximum velocity of 88.4 ms™ in glacial
simulation. The number of floats passing through Makassar Strait is reduced by almost
20% of total number of drifters and exchange through Lombok Strait is decreased by
43% relative to the PD value. The exchange of particles through eastern passages is
reduced as expected from the PD — /20 experiment indicating reduced transport through
the Makassar Strait. Mean velocity of propagation for the drifters in glacial simulations
are given in Table 5-4.

The floats drifting at 395 m depth show similar pattern of distribution in both PD
and LGM simulation. However, number of floats passing through Makassar Strait and
reaching the Indian Ocean is reduced in glacial simulation by approximately ~17% and
the velocity of the particles is decreased. The particles released in CS in glacial
simulation reach Indian Ocean after approximately 10 months at intermediate depths
compared to 3 months in the thermocline depths.

The deep water particles at 945 m depth released in the Pacific do not propagate
into the Indonesian Seas during the 3 year period of simulation. The maximum velocity
of the deep water floats does not exceed 13 cms™ in both PD and glacial simulation.

Table 5-4 Particles velocity (cms™) in FLT — LGM experiment

Depth Makassar Strait Released in NP Released in SP
(115°E-120°E, 6°s-2°N)
5m 40.1+32.4 30.0+21.1 10.9£9.8
105 m 20.9+15.9 9.5+82 85+45
395m 79+5.6 1.7£1.9 2.7+22
945 m 1.4+1.0 1.3+0.8

Glacial particle trajectories are examined for the floats originating in the NP and
SP (Figure 5-11). The surface floats distribution released in March is significantly
different than the PD pattern (Figure 5-4) showing eastward flow of NP drifters and
northward reversal of SP drifters. The resulting surface particle dispersal is probably
influenced by the glacial wind forcing and might not be reliable.

At 105 m depth, the NP floats enter Indonesian Gateways and follow the main
pathway through Makassar Strait exiting into the Indian Ocean through Ombai and
Timor Strait 20 months after the release. The total number of floats reaching Indian
Ocean is reduced by half relative to the PD simulation. A significant number of drifters
enter Indonesian Seas through the eastern pathway between the Halmahera and Celebes
carrying 9% of floats with the origin in NP. Only 0.4% of the SP floats propagate in the
Indonesian archipelago during the period of 2 years. The particles released in NP reach
Indian Ocean after 6 months at 105 m depth and after 31 months at 395 m.
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Figure 5-10 Main pathways of surface (top), 105 m (middle) and 395 m drifters (bottom) for PD —
control (left) and LGM experiment (right) with numbers indicating percent of individual floats passing
through the main passages (red boxes) within 1 year period. The floats are released in CS in May for
subsurface and intermediate water drifters and every two months for surface floats.

The analysis of the particle trajectories shows that SP source does not seem to
have different importance under glacial conditions. If the surface trajectories are
excluded taking into account that they might be effected significantly with the
unreliable surface glacial forcing, the thermocline and intermediate water trajectories
could possible give more reliable estimates. The representation of the glacial climate
conditions at the lateral boundaries could, however influence the result in possible
changes in deeper water trajectories. The LGM experiment configuration used to
simulate Lagrangian particle trajectories assumes same spatial representation of
boundary currents with reduced total transport and glacial density stratification.
However, this might be a realistic estimate considering that only large changes in
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Gateways configuration such as southward shift of the Halmahera Island would lead to
redistribution between NP and SP source [Cane et al., 2001].
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Figure 5-11 Glacial particle trajectories at 5 m (top), 105 m (middle) and 395 m depth (bottom) released
in NP (left) and SP (right) (blue boxes). Numbers indicate percent of individual floats passing through the
main passages (red boxes) within 22 months period. The floats are released in March.
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5.7 Conclusions

Regional ocean model experiments using Lagrangian particle-tracing module give
sensitivity of particle distribution through the Indonesian Gateways to the topographic
changes on glacial-interglacial time-scales. The particle dispersals show different
patterns depending on the location, depth and timing of deployment.

The model simulated trajectories for the PD conditions show that the main
pathway of the Throughflow waters follows the route from the NP into CS and through
Makassar Strait. The velocity of particles decreases with depth. Average velocity of
particle propagation through the Makassar Strait under PD conditions is approximately
28 cms™, 18 cms™, 12 cms™ for the surface (5 m), thermocline (105 m) and intermediate
(395) water depths, respectively. The surface and thermocline drifters exit into Indian
Ocean through Lombok Strait after approximately 2—4 months (for thermocline drifters)
since the release in CS. The thermocline and intermediate drifters pass eastward through
Ombai and Timor Strait and reach the Indian Ocean after 4—10 months (for thermocline
drifters) since the release in CS.

Even though surface particles have highest velocities of propagation, small
number of drifters reaches the Indian Ocean (~3%) after release in CS. The surface
trajectories show recirculation inside the Celebes, Java and Flores Sea and are under
high influence of the local wind variations. With applied monthly climatological wind
forcing, the highest number of surface particles is propagated through Makassar Strait
during transition between NW and SE monsoon phase. During the SE monsoon phase,
the surface particles flow westward into the Java Sea and recirculate around Borneo.

In order to validate the simulated surface pathways, the seasonal variations in
trajectories of surface particles are compared to existing drifter trajectories observations
in the East Indian Ocean [Michida and Yoritaka, 1996]. The simulated trajectories of IO
floats are in relatively good agreement with the observed trajectories showing
northward and northeastward propagation during the NW monsoon phase and
southwestward propagation during SE monsoon phase. The differences between the
observed and simulated trajectories might be associated to the climatological forcing
which differs from the observed wind field. For this reason, the simulated trajectories
do not show westward particles propagation during the SE monsoon phase and the
northward propagation of the surface drifters through Lombok Strait during the NW
monsoon phase.

Gradual lowering of the sea level leads to changes in the exchange of the particles
through the main passages. At 30 m sea level change, the circulation of the surface
floats around Borneo is blocked, indicating a stage where no communication with the
China Sea could be established. Higher number of particles enters Indian Ocean (~6%)
through the Lombok Strait and particles propagate into the Banda Sea. Lowering of the
sea level by 70 m further decreases the surface particle exchange through the Makassar
Strait into the Flores Sea by reducing the width of the channel. At the thermocline depth
(105 m), severe change in particle exchange can be found at 70 m sea level change,
when the Java Sea is exposed and the Lombok Strait is significantly closed. The
eastward propagation of the particles is intensified. However, realistic assumptions on
particles velocities and exchange through the eastern passages depend crucially on the
applied boundary conditions that are not well know for this stage. With the assumption
of similar volume transport of the ITF as for the modern conditions, the increase of
particle originating in CS that pass through Timor Strait in period of 1 year is about
15% and increases to 30% for the sea level lowering of 120 m. This change could
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be possibly detected in the sediment patterns in the Timor Strait already at the 70 m sea
level change. In this case content of kaolinite and chlorite as tracers of ITF could be
increased. However, expected decrease in ITF volume transport under glacial conditions
would reduce the net effect.

The sediment records in Timor Strait show reduction of kaolinite and chlorite
during the glacial [Gingele et al., 2001a,b]. The reduction was assumed to be associated
with weaker glacial ITF volume transport, but also to decreased input of kaolinite and
chlorite injected by Western Australian rivers due to drier conditions at the LGM [De
Deckker et al., 2002]. In the FLT — LGM experiment where reduced ITF transport and
topographic changes are taken into account, the number of particles passing through
Makassar Strait is reduced by ~20% at the thermocline level. However, large percent of
the floats exits through Lombok Strait and exchange of particles through Ombai and
Timor Strait is similar or just slightly reduced compared to the PD conditions. Larger
reduction in transport of particles is found only at intermediate levels (~15 %). When
surface trajectories are considered, it needs to be noted that particles originating from
Makassar Strait do not seem to enter directly into eastern passages, but are being pushed
back and forth from Flores to Banda Sea by the seasonal winds. These results indicate
that the reduction in kaolinite and chlorite in Timor Strait cores might be just partly
related to the reduced ITF transport at the glacial. Local terrestrial input might play a
significant role especially if it is assumed that the clay minerals are mainly entrained
into the shallow water masses.

Glacial topographic changes have large impact on seasonal patterns of surface
particle distribution which have not been considered previously when investigating
sediment cores. The absence of Java Sea during the LGM leads to reversal of the
seasonal cycle in surface circulation within Makassar Strait. Weak propagation of
surface particles through the Makassar Strait is found during the SE monsoon, while the
NW monsoon propagation is expected to be intensified during glacial period. The SE
monsoon phase is usually characterized to be the phase of strong ITF transport.
However, NW monsoon phase is characterized by high precipitation rate and therefore
intensified river runoff and increased terrestrial input. If these results are taken into
account, the signal of hydrological cycle might be compromised by the blocking of the
flow during the SE monsoon phase leading to overall reduced distribution of surface
tracers further downstream. These findings should be considered when analysing
sedimentological tracers from the Makassar Strait.

The model experiments with particles released in North and South Pacific show
that the ratio between the NP and SP origin of the particles is not significantly changed
under glacial conditions. The NP drifters are dominantly present inside the Indonesian
archipelago in both PD and LGM experiments. Possible redistribution between NP and
SP source could be expected only with severe changes in West Pacific equatorial
currents or Gateway configuration [Cane et al., 2001].
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6. Indonesian Throughflow in existing LGM model simulations

6.1 LGM model simulations

General circulation models of the climate system are powerful tool for
understanding mechanisms of climate change. Large number of paleoclimatic evidence
of the LGM climate provided possibility for testing the performance of the GCMs.
Ability of the GCMs to realistically simulate climate system not only helps interpret
paleoclimatic records and past climate changes, but could be used for future long-term
climate predictions. Due to complexity of the climate system, accurate simulations of
LGM climate and consistent explanation of climate changes on glacial-interglacial time-
scale are a difficult task and LGM climate models are under constant development.

The LGM climate conditions generally imply changes in orbital forcing [Berger,
1978], reduced concentration of greenhouse gases (CO,=200 ppm compared to 345 ppm
PD value, or 280 ppm pre-industrial value) and global ice sheet growth resulting in
orographic difference, changes in land-sea albedo, lowering of the sea level and land-
sea distribution [Peltier, 1994].

The CLIMAP [1981] reconstructions of the SSTs during the LGM were applied as
boundary conditions to simulate glacial climate using AGCMs. Comparison of AGCM
simulations and paleoclimatic data in the Paleoclimate Modeling Intercomparison
Project (PMIP) [Pinot et al.; 1999] pointed out to importance of the ocean circulation
for simulating long-term climate changes showing better agreement with the data when
ocean dynamics are included in the model.

Early experiments to investigate physical processes that govern LGM climate
without interfering the surface boundary conditions were made by using atmosphere-
mixed layer ocean models with simple ocean dynamics and heat and water budget
model on the land surface [Manabe and Broccoli, 1985].

The most recent paleoclimate models are fully coupled atmosphere-ocean GCMs
which include sea-ice dynamics and thermodynamics, land surface biophysics and
hydrology models [Kim et al.a,b, 2002; Kitoh and Muarakami, 2002; Hewitt et al.,
2001; 2003; Shin et al., 2003] and are used to simulate changes in marine biology and
carbonate cycle as well [Ewen et al., 2004]. However, for studying climate processes,
computationally expensive coupled climate models have been often successfully
substituted by models of intermediate complexity with simplified atmospheric [Weaver
et al., 2001] or oceanic dynamics [Ganopolski et al., 1998].

6.2 Tropical climate at the LGM

One of the most important issues in understanding the LGM climate is quantifying
the cooling of the tropics which is fundamental for atmospheric and oceanic circulation
regimes by influencing energy transfer from the equator to the poles. LGM model
simulations and reconstructions of the SSTs in the tropics show large disagreement.
Early estimates of the tropical cooling [CLIMAP; 1981] indicated very small changes
compared to modern climate (less than 1°C). PMIP simulations [Pinot et al.; 1999;
Broccoli, 2000] with coupled atmosphere and mixed-layer ocean models produced
larger cooling (1°C - 3.5°C) more consistent with the terrestrial data than in the models
which used CLIMAP reconstructions as surface boundary conditions. Moderate
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cooling of the WPWP (2-3°C) is found in the coupled AOGCMs [Weaver et al., 2001;
Kitoh and Muarakami, 2002; Shin et al., 2003] in broad agreement with recent
paleoclimatic reconstructions (see Kuhnt et al. [2004] for overview). Colder tropical
temperatures at the LGM could be associated with the lowered greenhouse gases
concentration explaining half of the simulated cooling in the LGM simulation [Shin et
al., 2003] and partly to atmosphere-ocean interaction including export of cold air from
the continent.

Simulations of glacial changes in hydrological cycle show decrease in mean
annual precipitation over land and generally more arid conditions during the LGM.
However, tropical changes in precipitation are dependant on surface temperatures
anomalies showing stronger decrease in precipitation as result of cooling in SSTs [Pinot
et al.; 1999; Lohmann and Lorenz; 2000]. The precipitation anomalies are not spatially
uniform and models predict different regional patterns. With moderate tropical cooling,
negative precipitation anomalies and increase in SSS in the Indonesian Seas are found
as consequence of eastward shift of the WPWP and tropical centres of deep convection
[Kitoh and Muarakami, 2002]. The eastward displacement of tropical circulation system
is manifested in positive SST and precipitation anomalies in the central equatorial
Pacific, large westerly anomalies of the surface wind over the tropical central Pacific
and weakened Walker circulation.

Coupled ocean-atmosphere climate models have been used to investigate ENSO
intensity under glacial climate conditions [Kim et al.a,b, 2002; 2003; Liu et al., 2000;
2002; Otto-Bliesner et al., 2003; Timmermann et al., 2004]. Kim et al. [2002; 2003]
found large tropical cooling of about 6.5°C in relative agreement with proxy estimates
from various sources (pollen, tropical ice core, planktonic assemblages). They
associated ocean dynamics in the tropical Pacific to the mean La Nina-like response.
Timmermann et al. [2004] found as well La Nifa-like pattern for the LGM tropical
climate with enhanced trade winds and ocean currents due to orographic difference in
LGM simulation. However, inadequate representation of atmospheric dynamics in the
model of intermediate complexity (ECBIilt-CLIO) underestimates tropical variability
[An et al., 2004]. Analysis of ENSO variations [An et al., 2004] using background
conditions from different LGM simulations [Timmermann et al. 2004; Shin et al., 2003]
shows that LGM climate conditions are favourable to enhance large amplitude
interannual ENSO variability and that LGM tropical climate was probalby more El
Nifio-like. Simulation of LGM climate by NCAR CSM [Liu et al., 2002; Otto-Bliesner
et al., 2003] shows intensified ENSO variability over the last glacial-interglacial cycle
which is not correlated to the mean sea ocean temperature change but to the zonal and
vertical gradients of ocean temperature. Tropical Pacific zonal SST gradient is
weakened in the LGM simulation and upwelling and sharpening of tropical thermocline
is found in the eastern Pacific. The temperature gradients in the tropical Pacific agree
well with recent proxy record analysis supporting the El Nifo-like pattern during the
LGM [Koutavas et al., 2002; Stott et al., 2002].

Mean El Nifio-like pattern in the tropical Pacific is expected to result in reduced
ITF transport due to weakening of the trade winds that build high sea level in the
western Pacific [Clark and Liu, 1993; Meyers, 1996]. The changes in zonal temperature
gradients across the equatorial Pacific could additionally effect sea level in the western
Pacific by changing the density structure.
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6.3 ITF representation in the global LGM model simulations

Existing model simulations of the glacial climate suggest that the ITF was
reduced during the LGM. However, amount of reduction in the ITF varies significantly
between the models (Table 6-1). The AOGCM UVic [Weaver et al., 2001] predicts
small difference in the ITF (9.2%) between the control and LGM simulation. A possible
explanation might be found in the missing atmospheric dynamics with the same wind
forcing used in present-day and glacial experiment. The OGCM LGS [Maier-Reimer et
al., 1993] experiment gives similar values of transport as used in the regional model, as
well as the LGM reduction in transport. The NCAR CSM simulation overestimates the
Throughflow magnitude for PD. However, relative reduction between PD and glacial
simulation (24.9%) is comparable with other model experiments.

Table 6-1 ITF volume transport (Sv) in global LGM model experiment.

Model Present-day LGM Reduction by

OGCM MOM 17.1 10.2 40.4%
Paul and Schdfer-Neth [2003]

OGCM LGS 9.7 6.6 32.0%
Maier-Reimer et al. [1993]

AOGCM UVic 18.5 16.8 9.2%

Weaver et al. [2001]

NCAR CSM 26.5 19.9 24.9%
Shin et al. [2003]

The regional model results in this study show that glacial sea level lowering is not
sufficient to reduce the net volume transport from the Pacific to the Indian Ocean.
However, variety of global LGM simulations [Maier-Reimer et al., 1993; Weaver et al.,
2001; Liu et al., 2002; Shin et al., 2003; Paul and Schdfer-Neth, 2003] and
paleoclimatic records from the Indonesian Gateways [Miiller and Opdyke, 2000;
Gingele et al., 2001a,b; De Deckker et al., 2002] indicate that the ITF was reduced
during the glacial periods. Excluding regional dynamics, several possible mechanisms
can be considered to influence the ITF magnitude during the LGM:

e changes in glacial wind over the Pacific effecting wind forced circulation
around the island,

e reduction in pressure gradient between Pacific and Indian Ocean induced
by density anomalies,

e ENSO like conditions in the tropical Pacific during the LGM influencing
wind field and temperature gradients,

e possible reduction in the global THC.

Some of the mechanisms are further analysed in the available global LGM
simulations [OGCM MOM; Paul and Schifer-Neth [2003] and NCAR CSM; Shin et al.
[2003]).
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6.4 Wind forced circulation around island

The existing theory of the wind forced circulation around the island [Godfiey,
1989; Wajsowicz, 1993a] is tested here by using the global model results. The ITF
volume transport is estimated based on the island rule formulation taken from
Wajsowicz [1993a]. The Throughflow magnitude can be estimated for the
climatological mean circulation assuming there exists a level of no motion above all

topography by:

¥, ()= § .0 dl 6-1
(fN _fs) b+l Po
where o) is the depth integrated stream function, fx and fs are the values of the

Coriolis parameter at yn and ys the northernmost and southernmost latitudes of the
island, respectively, dl is an infinitesimal line element tangential to 0D and Jl, po is
mean water density and t(x,y,t) is the wind stress. The path integrals 6D and Ol along
the east coast of Australia cancel so the wind stress needs to be integrated along the
path over the South Pacific and west coast of Australia (Figure 6-1). The circulation
around New Zeeland is neglected assuming that its contribution to the total circulation
around Australia would be small. Topographic effects in the Indonesian Gateways are
not considered taking into account that global models do not have appropriate
representation of topography in Indonesian archipelago.
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Figure 6-1 Mean sea surface height (m) and path used in island rule calculation in the OGCM MOM
[Paul and Schdfer-Neth, 2003] are illustrated together with the mean wind stress field (Nm™) from NCEP
climatology [Kalnay et al., 1996] used as forcing in PD simulation.

The estimate of the wind induced Throughflow is compared to the global model

results from OGCM MOM [Paul and Schdfer-Neth, 2003] and NCAR CSM [Shin et al.,
2003] for PD and LGM conditions. The wind field used to force the OGCM MOM
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under PD conditions is taken from NCEP/NCAR Reanalysis [Kalnay et al., 1996],
while the LGM wind includes glacial anomaly from the AGCM ECHAM3 [Lohmann
and Lorenz, 2000]. The estimates of the ITF transport are given in Table 6-2.

Table 6-2 ITF volume transport (Sv) calculated from the island rule.

Model Present-day LGM Reduction (Sv)
OGCM MOM 100+ 1.4 47+23 53
Paul and Schdfer-Neth [2003]
NCAR CSM 20.3+6.5 19.5+6.6 0.8
Shin et al. [2003

The estimates of the ITF transport calculated from the island rule partly agree
with model results. The magnitude of the transport is higher by approximately 6 Sv in
OGCM MOM. The errors could be possibly induced by calculation of the wind field on
a low resolution horizontal grid. However, reduction in LGM transport derived from the
wind balance of about 5 Sv is comparable to model reduction of about 7 Sv.

The island rule estimates of ITF transport in NCAR CSM simulation are as well
lowered by 6 Sv compared to the model results, but give very small reduction between
PD and LGM simulations. The reason for similar estimates in ITF transport is small
difference in wind field between the PD and LGM experiment (Figure 6-2). This
indicates that reduction of the Throughflow in NCAR CSM simulation is not related to
the wind field. The reduction could possibly be associated to weakened meridional
overturning circulation at the LGM compared to the modern control run [Shin et al.,
2003]. Considering that the ITF belongs to returning branch of the global conveyor belt,
a weaker global thermohaline circulation would reduce net ITF transport. However,
deep-ocean acceleration used during ocean spin-up in the LGM simulation could induce
errors in simulating global thermohaline circulation in NCAR CSM model.
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Figure 6-2 Mean wind stress over the Pacific taken from coupled NCAR CSM [Shin et al., 2003] for PD
(black) and LGM (red) conditions.
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6.5 Pacific to Indian Ocean density difference at the LGM

Cooling of the WPWP and absence of low salinity surface waters in the ITF
region might induce different pressure difference between the Pacific and Indian Ocean
during the LGM. The density driven flow was discussed in scope of regional model in
sections 3.4.4 and 4.4.3. However, large scale changes such as formation of the ITF
waters in the North Pacific could not be investigated in the regional model.

Density driven flow is analysed in the global OGCM MOM [Paul and Schéfer-
Neth, 2003] and NCAR CSM [Shin et al., 2003] simulations for PD and LGM
conditions. The areas where Mindanao Current is formed in the subtropical Pacific
shows highest values of steric height indicating high pressure. The low pressure region
is defined in the East Indian Ocean similar to the regional model experiments.

The steric height difference between MC and IEO relative to 1000 m is larger in
NCAR simulation (36.1 = 8.8 cm) compared to the MOM simulation (25.4 + 4.2 cm)
indicating higher transport. In the LGM simulations the steric height values in the
Pacific and Indian Ocean are generally reduced compared to the PD run. However,
difference in steric height between MC and IEO in NCAR CSM simulation has higher
values (58.3 = 8.5 cm) compared to the control run even if the ITF transport is reduced,
while in the MOM model the values are lower (19.3 £ 4.1 cm).

Reduced difference in density could partly explain reduction in ITF transport in
MOM model. This is, however, not true for the NCAR CSM where reduction in ITF
transport does not seem to be related to density difference. Simple correlation of the
steric height differences and resulting ITF transports is not consistent between the
models and the theory requires further revision. Selection of the areas used in
calculating the steric height difference could be critical for estimating ITF variations.
Therefore, analysis of the water mass characteristics and dynamics of circulation in the
North Pacific where ITF is formed and in the East Indian Ocean could give more insight
to what extent the I'TF is density controlled.

Comparison of LGM model results does not give clear answer what controls the
ITF during the LGM. Weakened wind stress forcing over the Pacific could partly
explain reduction of the Throughflow transport in the OGCM MOM. However, reduced
ITF is found even in the LGM models where glacial change in the wind field is small
(NCAR CSM) or not included (UVic). The density difference in the LGM simulations
between the West Pacific and East Indian Ocean gives ambiguous results showing
reduction of the density driven flow in OGCM MOM, but increase in density difference
in NCAR CSM and the regional model. The reduction of the ITF transport could
possibly be reflection of weakened global thermohaline circulation in some of the
model simulations. However, in scope of tropical climate, the changes in ITF transport
might be associated to El-Nifo-like conditions in the tropical Pacific during the LGM
changing both the wind field and density gradients in the Pacific and Indian Ocean. This
aspect needs to be further analysed in the coupled ocean-atmosphere models.
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Figure 6-3 Steric height reference to 1000 m and depth integrated velocity field (m’s™) with indicated
areas (black boxes) used in calculation of pressure difference in the model for PD (top) and LGM
(bottom) conditions.

6.6 Application of regional model results in the global model

Most of the climate GCM models used for assessing past climate changes have
inadequate representation of the Indonesian Passages due to the low resolution of the
models [Weaver et al., 2001; Shin et al., 2003; Paul and Schdfer-Neth, 2003]. The
Indonesian Gateways are generally represented by a simple deep and wide passage.
This leads to large errors in mean volume transport which is usually overestimated
compared to observations. As a result, heat and freshwater balance between Pacific and
Indian Ocean are compromised.

The regional model estimates 9.3 Sv of mean volume transport within Makassar
Strait for PD conditions, which agrees well with observations, and 6.1 Sv for LGM
conditions accounting for 75% of the total ITF transport. The topography of the
Indonesian Gateways in the low resolution models could be changed to give more
realistic ITF transport.

The vertical profile of cumulative transport in OGCM MOM [Paul and Schdfer-
Neth, 2003] and NCAR CSM [Shin et al., 2003] experiments is compared with the
regional model results for PD and LGM simulations (Figure 6-4). The regional model
profile shows no significant transport below 1000 m depth, while bulk of the flow can
be found above 670 m (550 m in LGM experiment) as the depth of the sill in southern
Makassar Strait. In the global simulations deep water transport is much higher and total
magnitude of the Throughflow is increased. Correct representation of ITF vertical
profile might be important for the Indian Ocean circulation and heat balance and
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should be reconsidered in the global LGM experiments. Moreover, the regional model
results show shift of the strongest flow from thermocline to surface levels in the LGM
experiment which might have additional impact on the Indian Ocean circulation.

The regional model results suggest reversal of seasonality of the transport in
Makassar Strait due to the topographic changes during the LGM. This mechanism is not
captured in the global LGM simulations. However, it is not well known to what extent
changes in seasonal variations of the ITF have impact on ocean and atmospheric
circulation.
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Figure 6-4 ITF cumulative transport (Sv) for PD (left) and LGM (right) boundary conditions from
regional model in Makassar Strait (thin), ITF transect (thick), OGCM MOM [Paul and Schdfer-Neth,
2003] (dash) and NCAR CSM [Shin et al., 2003] (dot).

In this study, glacial changes in sea surface temperature and salinity could not be
investigated with ocean model and atmospheric conditions needed to be prescribed.
However, glacial cooling and changes in hydrological cycle are important factors in
understanding tropical climate at the LGM. The regional model results suggest strongest
impact of the ITF on the surface and thermocline circulation in the Indian Ocean which
could be different than the PD considering that the ITF is more surface intensified in the
LGM simulation. Possible interactions with the atmosphere remain a task to be
investigated in the coupled ocean-atmosphere models.
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7. Summary

The focus of this study was on the impact of topographic changes in the
Indonesian Gateways on glacial-interglacial time-scales on the Pacific to Indian Ocean
water masses exchange. A regional high-resolution model [MITgcm; Marshall et al.,
1997a, b] has been employed to investigate ITF dynamics under modern and glacial
climate conditions. Sensitivity of the circulation to glacial topographic changes is tested
by reducing the bathymetry by 120 m in order to account for the LGM sea level
lowering, while LGM simulation included both sea level lowering and glacial boundary
forcing. The results from the regional model are compared with global model
simulations and data where available and control of the ITF in scope of tropical climate
changes during the LGM is discussed. In addition, a Lagrangian particle tracing module
is used in order to assess possible changes in particle dispersal during the glacial
periods which could provide help in interpretation of paleoclimatic records from the
region.

7.1 Present-day ITF dynamics

The bulk of the flow (about 75% of the total ITF volume transport) takes route
through Makassar Strait. Deep water flow enters the Indonesian region through the
Lifamatola Passage between the Celebes and Halmahera. The mean volume, heat and
freshwater transport are directed towards the Indian Ocean. Analysis of water mass
characteristics confirms that the ITF transport is fed from the North Pacific (7.1 Sv
compared to 2.8 Sv from South Pacific). Even though, the low salinity values of
Indonesian surface waters dominate the freshwater transport towards the Indian Ocean,
the North Pacific Thermocline characterized by the salinity maximum indicates increase
in salt input into the Indian Ocean at the levels between 100-200 m. The contribution of
salt input from South Pacific Thermocline is small. The volume transport value of 9.3 +
1.3 Sv and associated meridional heat transport relative to 0°C of 0.61 + 0.10 PW agree
well with measurements within Makassar Strait [Gordon et al., 1999; Vranes et al.,
2002]. The flow through Lombok Strait is somewhat overestimated in the model (3.7 +
0.5 compared to 1.7 = 1.2 Sv observed [Murray and Arief, 1988]) possibly due to the
increased width of the passage due to the model resolution. Consequently, the transport
through Timor Strait is lower than expected (2.5 Sv compared to observational
estimates of 3.4 — 7 Sv [Creswell et al., 1993; Molcard et al., 1996]), while the larger
part of the outflow exits through Ombai Strait. Mean transport through Ombai Strait
(5.9 = 1.5 Sv) is in reasonable agreement with observations [5.0 = 1.0 Sv; Molcard et
al.,2001].

The seasonal variations of the flow within Makassar Strait are governed by
monsoonal wind changes. The maximum of the flow appears in March during the wind
reversal from the NW to the SE monsoon. Throughflow remains strong during the
boreal summer (May — August). Minimum flow appears during the boreal winter in the
NW monsoon period (November - February). Excluding high frequency and interannual
variability, the regional model have similar seasonal variations of the volume transport
compared to global model simulation of similar resolution [Cube Sphere MIT ECCO
experiment; Menemenlis et al.; 2004]. The timing of the maximum of transport in the
regional model appears earlier than expected from the global model. However, better
agreement is found when variations in transport at the lateral boundaries are
included. The seasonal variations in the exit passages show strong outflow during
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the SE monsoon phase except for the Timor Strait where strong undercurrent in
opposite direction is formed. A maximum positive correlation between Makassar and
Lombok transport indicates lag of 1 month of the Lombok Strait transport compared to
the Makassar Strait. The flow through Ombai Strait lags the flow in Makassar Strait by
4-5 months, while flow through Timor Strait leads the flow in Makassar Strait by 1-2
months.

The seasonal changes of surface circulation in Makassar Strait agree well with
observed monsoonal patterns [Gordon et al., 2003]. From November to February the
eastward wind in the Java Sea pushes low salinity water into the southern Makassar
Strait. The surface flow is reduced despite southward blowing, along-channel winds
because increase in sea surface height in southern Makassar Strait blocks southward
flow. Reversal of the wind during the northern hemisphere summer pushes the low-
salinity waters back into the Java Sea and allows southward surface layer transport.
Even though, surface blocking of the flow is forced by density gradient along the
channel, the role of the local winds is important for distributing the buoyant waters.

An additional effect of the buoyant surface water piling up in southern Makassar
Strait is the shift of the main flow from the surface into thermocline levels. Maximum
of the flow is between 50 and 150 m. The model developed vertical profile of the flow
with subsurface maximum agrees well with the observations [Waworuntu et al., 2001;
Gordon et al., 2003] indicating highly baroclinic structure. The flow within Makassar
Strait is in approximate geostrophic balance except for the region near the equator. The
slope of the internal density surfaces forces baroclinic shear in the northward direction
at intermediate levels and reduces the thermocline flow. The flow below the sill depth
(~ 670 m) in the southern Makassar Strait is almost zero. The geostrophic
approximation of the flow seems to be in good agreement with the mean model profile
and in this way density field and sea level height within Makassar Strait can be used to
estimate the magnitude of the Throughflow. Along-channel gradients in the density
field seem to be very small and possible hydraulic control of the flow at the sill is
therefore, hard to validate. However, hydraulic control cannot be completely excluded
since small density gradients in the equatorial regions could be sufficient to drive the
flow. The calculations of the JEBAR term in the model give approximate value of 2.1 +
0.5 Sv of topographic effects in the Makassar Strait on the ITF transport. However,
estimate of the topographic effects is highly dependant on the parameters used in
calculation.

The vertical profile of the flow in Lombok Strait the model shows stable outflow
throughout the year in contrast with observations [Murray and Arief, 1988; Hautala et
al., 2001; Sprintall et al., 2003], which show temporary reversals of the flow due to the
Ekman transport induced by westward passing cyclones raising the sea level on the
Indian side of the Strait or induced Kelvin waves on the eastern Indian Ocean boundary
during the monsoon transition periods (November/December, April/May). Even though
the model captures well the vertical profile of the flow and part of the seasonal
variations, the dynamics of Lombok Strait Throughflow are probably not well
represented in the model due to the inadequate representation of topography and
simplified forcing that is not sufficient to capture the observed variability.

The flow through Ombai Strait carries mainly surface and intermediate waters
towards the Indian Ocean showing main variability of the flow within the upper 150 m.
Except high frequency variability, mean seasonal variations of the transport within
Ombai Strait are in good agreement with observations [Sprintall et al., 2000; Hautala et
al. 2001].
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Possible reasons for underestimated transport through Timor Strait except
overestimated transport through Lombok Strait can be found in closed transport from
the northeastern Australian shelf region which does not allow flow through the Arafura
Sea that could account for additional, although small, surface transport and possible
inadequate representation of the southern boundary as interpolated from the global
model. The vertical structure of the flow shows development of surface southward
current along the continental shelf during the SE monsoon that continues along the
coast of Australia to join the Leuween current. The low salinity surface water is then
transported towards the Indian Ocean which corresponds well to observations [ Creswell
et al., 1993; Molcard et al., 1996]. However, strong surface flow is confined in the
upper 30 m and, below the undercurrent in the opposite direction is formed with
maximum between 50 and 90 m depth, reducing the net outflow. During the NW
monsoon the surface flow is weak and the outflow in subsurface and deep levels
dominates.

7.2 ITF during the LGM

With the sea level lowered by 120 m the volume transport within Makassar Strait
is not significantly changed. Possible topographic blocking of the flow in Makassar
Strait was expected to increase the flow between Sulawesi and New Guinea in the
model. However, this was not the case and relative distribution of the total transport
between the western (Makassar Strait) and eastern pathway (Sulawesi-New Guinea)
remained almost the same. This experiment was repeated with scaling of boundary
transport by factors 1.5 and 0.5 in order to test possible sensitivity to the transport
magnitude. However, the results were similar showing that Makassar Strait volume
transport responds linearly to prescribed total boundary transport and that glacial sea
level lowering is not sufficient to reduce the flow within Makassar Strait. The
redistribution of the transport appears in the exit passages were transport through
Lombok Strait is reduced by about 50% and flow through eastern passages is
intensified.

Glacial topographic changes seem to have two important impacts on the ITF. First
they modify its seasonal variations and secondly they influence the vertical profile of
the flow and related heat transport.

The seasonal variations of the surface flow in Makassar Strait are reversed with
the lowering of topography. During NW monsoon phase the flow is intensified since the
blocking of the surface flow by low salinity Java Sea waters in southern Makassar Strait
is absent. During SE monsoon the flow is decreased due to accumulation of Banda Sea
waters in southern Makassar Strait. This result is associated with the topographic
changes, but could be further modified under glacial climate conditions. Even though it
is not clear to what extent this mechanism can influence the climate system it should be
taken into consideration when the local paleoclimatic evidence for the LGM is
analysed. So far, no study has been done concerning seasonal interaction of the ITF
with surface Indian Ocean circulation or feedbacks with the monsoonal system.
Unfortunately, such mechanisms could not be investigated with the ocean model and
remain as future task for coupled tropical ocean-atmosphere modelling.

Vertical profile of the flow is surface intensified when the sea level is lowered.
The reduction of sill depth in the southern Makassar Strait (from 670 m to 550 m) and
absence of low salinity waters when Java Sea is exposed results in shift of the main
flow towards the surface. This results in increase in meridional heat transport
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towards the Indian Ocean since more surface water is being transported. The net
increase in Makassar Strait heat transport is 8.2% compared to the modern simulation.
Relatively small changes in ITF vertical profile might lead to significant changes in
Indian Ocean circulation and heat balance especially in the upwelling regions [Song and
Gordon, 2004]. However, the surface temperature signal in the Indian Ocean is
expected to be small (maximum 0.05°C in the eastern Indian Ocean) and the net impact
on the modern tropical climate is still not clear.

However, increase of heat transport due to the surface intensification of the ITF is
small (~0.05 PW) compared to experiment when glacial boundary conditions are
applied and the heat transport within Makassar Strait is reduced by 0.18 PW. The
reduction is mainly associated with the decrease of volume transport in the LGM
simulation. The reduction of volume transport of about 1/3 of the PD value in the
glacial boundary conditions is an estimate taken from global LGM model simulation
[Paul and Schdfer-Neth, 2003] and is not an independent result of the regional model.
Since the meridional heat transport depends crucially on the prescribed volume
transport, a reliable estimate of the glacial heat transport changes can be achieved only
when LGM value of the ITF volume transport is well constrained. So far, regional
model results give dependence of the Makassar Strait heat transport to the total volume
transport for modern and glacial topography. With given linear relationship of Makassar
Strait volume and heat transport to the boundary forcing it is generally possible to
estimate total ITF transport from the local measurements or reconstructions.

In the LGM simulation, the seasonal variations in surface circulation in Makassar
Strait are similar as in the experiment with lowered sea level giving the strong surface
outflow during the NW monsoon phase and weak surface flow during the SE monsoon
phase due to the accumulation of the Banda Sea waters in the southern Makassar Strait.
Maximum of the transport appears from November to March, while minimum of the
transport appears in September. The seasonal cycle of the flow in Lombok Strait shows
strong outflow from December to April, while the weak flow appears from August to
October. Changes in seasonal cycle in the Lombok Strait correspond to the changes in
Makassar Strait seasonality in the LGM simulation giving maximum of the outflow
during NW monsoon phase. Variations of transport in Lombok Strait are stronger when
LGM forcing is taken into account giving almost no southward flow in
August/September. Ombai Strait seasonal cycle of volume transport shows high outflow
values from July to November and weak transport from March to May. The timing of
strongest and weakest outflow appears during the monsoon transitions and is therefore
shifted compared to PD. Timor Strait seasonal cycle shows increase of volume transport
during the SE monsoon phase from April to September and decreased during the NW
monsoon phase from November to February. With variable total transport at the lateral
boundaries, Makassar Strait volume transport is reduced by ~1 Sv compared to the
LGM experiment, however seasonal cycle of the transport variations is similar to the
LGM simulation.

The mean circulation in the glacial simulation is weaker due to the reduced
velocity values prescribed at the lateral boundaries to account for the LGM reduction in
transport. The volume transport in the LGM simulation within Makassar Strait is
reduced by 34.4% compared to PD value and carries 75.3% of the total ITF transport at
the LGM. The volume transport through Lombok Strait does not change compared to
the experiment with lowered sea level. However, transport through Ombai Strait is
reduced by 37.3% compared to the PD value and Timor Strait transport is decreased
compared to the experiment with lowered sea level. However it remains similar to the
PD value. Strong northward surface flow is developed near and across the equator
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during the SE monsoon. Intensification of the northward surface currents is most likely
associated with the LGM wind field applied in the model. Difference in strength of the
glacial wind stress between global model simulations [Lohmann and Lorenz, 2000; Shin
et al., 2003] leads to large differences in amplitude of the ITF. Without further
constraints on the glacial wind field, the results of the LGM variability in the ITF
should be taken with caution.

The vertical profile of the flow within Makassar Strait shows surface
intensification as in the experiment with the lowered sea level, however the
intermediate flow is reduced. Geostrophic balance provides a good estimate of the flow
suggesting that the ITF transport magnitude at the LGM can be reconstructed from the
density field within Makassar Strait. Mean SST in Makassar Strait in the LGM
simulation is reduced by 2°C. The deep water temperatures are colder by ~3°C, while
changes in the thermocline are small. Salinity values in Makassar Strait are higher by
~0.8 psu and low surface salinity values associated with the presence of the Java waters
are absent.

The flow through Lombok Strait is confined in the top 100 m. Mean temperature
is reduced by ~ 2°C, while salinity values are higher by ~0.7 psu except for the surface
salinity values which are increased by ~1.4 psu compared to PD simulation. The
observed low surface salinity values are associated with the strong river runoff in
vicinity of Lombok Strait [Sprintall et al., 2000]. River runoff is not included in the
model and possible salinity minima at the LGM can not be excluded.

The vertical structure of flow through Timor Strait is changed under glacial
conditions. Shelf region and associated coastal currents are absent in the LGM
simulation and the flow is confined in the central deep channel. The eastward current
through the passage is intensified giving strong surface and intermediate water flow.
Surface temperature is cooler by ~2°C, while deep water is colder by of almost 4°C.
Thermocline levels show small difference in temperature stratification. Salinity values
are higher between 0.9 at the surface to 1.2 psu at the deep levels.

The flow at the TOS transect, that include Timor and Ombai Strait, shows main
outflow in the top 200 m. The flow is intensified at the northern part indicating
development of coastal current joining SEC. Comparison of the temperature field in the
upper 200 m between LGM and PD experiment shows cooling in the surface levels by
2-3°C. Weaker cooling of ~ 1°C appears in the subsurface levels at 80 — 150m. Low
salinity values in the LGM experiment are found in the upper 100 m. However, salinity
anomaly in the glacial experiment is strongest at the surface (~1 psu) while at 100 m
depth salinity change is ~0.6 psu. Salinity maximum of 35.5 psu is found at 120 — 200
m depth.

Analysis of forcing mechanism that control the ITF magnitude did not lead to
unique answer to what sets the reduction of the ITF transport during the LGM.

Mean steric height difference between the Pacific and Indian Ocean [Wyrtki,
1987; Andersson and Stigebrandt, 2004] could not account for the total ITF transport in
PD simulation except if the narrow regions of the MC and south of Java coast are taken
as reference areas. In the LGM simulation the steric height difference is enhanced (10.9
cm compared to 2.2 cm for PD) suggesting increase in density driven transport.
However, net transport in the LGM experiment is reduced compared to PD. The
reduction is associated to weaker barotropic flow prescribed on the boundaries and
difference in density stratification in the LGM simulation might be result of reduced
mixing of Pacific and Indian Ocean water masses. The same method applied in the
global LGM simulations showed that small difference in steric height in OGCM
MOM [Paul and Schdfer-Neth, 2003] could partly account for transport reduction
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between the PD and LGM. However, in the NCAR CSM [Shin et al., 2003], the
difference in steric height is higher in the LGM simulation compared to PD indicating
that other mechanism controls reduction in the ITF in the NCAR LGM simulation. In
general, estimates of the ITF magnitude by calculating steric height differences are
highly dependant on the region used in calculation and revision of the method should be
made by further investigating the water masses properties and circulation in the North
Pacific where ITF is formed and in the East Indian Ocean.

Application of the Godfrey’s island rule to estimate the Throughflow magnitude
under glacial climate conditions just partly explained ITF reduction in the global LGM
models. The magnitude of the transport in PD simulation is underestimated by
approximately 6 Sv in OGCM MOM and NCAR CSM. The errors could be possibly
induced by calculation of the wind field on a low resolution horizontal grid. In the
OGCM MOM, the glacial wind balance could account for about 5 Sv of ITF transport
reduction from 7 Sv simulated with the model. In the NCAR CSM, very small reduction
in ITF transport is estimated according to the island rule since wind field is similar in
PD and LGM experiment. The reduction in NCAR CSM could possibly be associated to
weakened meridional overturning circulation at the LGM compared to the modern
control run. However, deep-ocean acceleration used during ocean spin-up in the LGM
simulation could induce errors in simulating global thermohaline circulation in NCAR
CSM model.

Recent theory of El-Nifo-like conditions in the tropical Pacific during the LGM
[Otto-Bliesner et al., 2003; An et al., 2004] supported with paleoclimatic reconstruction
[Koutavas et al., 2002; Stott et al., 2002] could give explanation for the reduced ITF
transport. In this case, both glacial changes in wind field and density structure in the
Pacific and Indian Ocean should be considered. This aspect needs to be further analysed
in the coupled ocean-atmosphere models.

7.3 Particle trajectories and exchange of marine biota

The model simulated particle tracing trajectories for the PD conditions show main
pathway of the Throughflow tracers following the route from the NP into CS and
through Makassar Strait. Small number of floats (4%) released in CS at 105 m is
returning into the Pacific Ocean. The majority of floats (80%) flow southward through
Makassar Strait, while the rest of drifters are recirculated within eddies in CS or enter
the Sulu Sea. The floats at thermocline levels reach Indian Ocean after 4 months from
the release by exiting through Lombok Strait. The thermocline and intermediate drifters
pass eastward through Ombai and Timor Strait and reach the Indian Ocean after 4 — 10
months since the release in CS. Only 10% of the surface drifters released in NP reach
Indian Ocean in the period of almost 2 years. The number of drifters entering Indian
Ocean at thermocline levels (17%) is larger than for the surface drifters indicating high
velocities of propagation.

The surface drifters trajectories show strong seasonal variations and recirculation
inside Indonesian Seas. The surface floats passing through Makassar Strait enter Java
Sea and recirculate around Borneo. The surface floats released in November and
January do not propagate through the southern Makassar Strait, but circulate in northern
part of the passage and CS or are reflected into the Pacific. The floats released in March
and during the SE monsoon phase flow southward through Makassar Strait. This is in
agreement with the low salinity blocking of the surface flow in the southern Makassar
Strait during the NW monsoon phase. The SP drifters do not seem to propagate
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significantly into the Indonesian Seas. Only 2% of the floats enter the Seram Sea near
Halamhera at 105 m depth from the SP source with additional 1% of surface floats
coming originally from the NP. This is consistent with findings of Lukas et al., [1991]
and Gordon and Fine, [1996] suggesting the North Pacific source of the ITF and small
contribution of South Pacific waters. The SP drifters flow westward towards the
Indonesian archipelago, but are reverted near Halmahera into the NECC. The seasonal
pattern in float trajectories is in relatively good agreement with observations of surface
trajectories in the eastern Indian Ocean [Michida and Yoritaka, 1996] showing
westward propagation during SE monsoon phase and northward flow during NW
monsoon phase. However, the floats released in May in the model experiment are
propagating faster and further southwest compared to the observed westward
trajectories. Possible reason is applied climatological wind forcing in the model that
might differ from the actual winds in given years. The northward trajectories of the
drifters released in November are simulated well except for the Lombok Strait where
the northward flow is suppressed by the strong southward outflow.

Under glacial climate conditions, the main pathway of the ITF tracers is similar as
in the PD simulation, however the velocity of propagation of the floats are reduced.
Average velocity of propagation for thermocline floats released in NP is 9.5 cms™
compared to 16.0 cms™ for PD. Number of particles passing through Makassar Strait is
reduced by ~20% at the thermocline level. Large percent of the floats exits through
Lombok Strait and exchange of particles through Ombai and Timor Strait is similar or
just slightly reduced compared to the PD conditions.

When surface trajectories are considered, it needs to be emphasized that particles
originating from Makassar Strait do not seem to enter directly into eastern exit passages,
but are being pushed back and forth from Flores to Banda Sea by the seasonal wind
variations. These results indicate that the reduction in clay minerals as tracers of
Throughflow (kaolinite and chlorite) found in Timor Strait sedimentation patterns might
be just partly related to the reduced ITF transport at the LGM. Local terrestrial input
might play a significant role especially if it is assumed that the clay minerals are mainly
entrained into the shallow water masses.

Glacial topographic changes have large impact on seasonal patterns of surface
particle distribution. The absence of Java Sea during the LGM leads to reversal of the
seasonal cycle in surface circulation within Makassar Strait and weak propagation of
surface particles is found during the SE monsoon, while the NW monsoon propagation
is expected to be intensified during glacial period. The SE monsoon phase is today
characterized by strong ITF transport, while NW monsoon phase is characterized by
high precipitation rate and therefore intensified river runoff and increased terrestrial
input. If these results are taken into account, the signal of hydrological cycle might be
compromised by the blocking of the flow during the SE monsoon phase. These findings
should be considered when analysing sedimentation patterns in the Makassar Strait.
Unfortunately detailed comparison with sedimentological and micropaleontological
evidence could not be made since small number of data from the ITF region is retrieved.

The probability of finding NP and SP drifters in the Indonesian Seas does not
seem to be changed during the LGM. The glacial climate conditions at the lateral
boundaries could influence this result since same spatial representation of boundary
currents is applied, while velocities where uniformly reduced and glacial density
stratification is taken into account. However, this might be a realistic estimate
considering that only large changes in Gateways configuration such as southward shift
of the Halmahera Island would lead to redistribution between NP and SP source
[Cane et al., 2001].
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8. Conclusions

The aim of this study was to determine the impact of glacial topographic changes
in the Indonesian Gateways on volume and heat transport between Pacific and Indian
Ocean and its influence on dispersal of marine biota and tracers in the region. The study
is based on regional high-resolution MIT GCM results for PD and LGM conditions. The
main findings are:

e Makassar Strait carries about 75% of the total ITF transport both under PD
and glacial conditions. Glacial sea level lowering does not significantly
reduce the volume transport within Makassar Strait. The transport through
Lombok Strait is reduced by half and the shallow water transport towards
the Indian Ocean is blocked. The main outflow takes route through Ombai
and Timor Strait.

e Due to glacial topographic changes, seasonal cycle of the surface flow in
Makassar Strait is reversed since the low salinity waters from Java Sea are
absent. This results in intensified flow during NW monsoon phase and
weak flow during SE monsoon phase.

e Reduced sill depth in southern Makassar Strait and absence of buoyant
surface water leads to surface intensified flow under glacial conditions.
With the similar volume transport, the heat transport within Makassar
Strait is increased by ~ 8%. However, the effect of increase is small if the
glacial reduction in volume transport is taken into account resulting in net
decrease of heat transport by 30%.

e The magnitude of the ITF transport can be estimated using geostrophic
approximation within Makassar Strait. However, regional dynamics seem
not to provide explanation what sets the glacial reduction of the ITF.

Analysis of particle tracing trajectories showed that velocity of propagation and
exchange of particles through the main passages is generally reduced under glacial
climate conditions. Number of thermocline drifters passing through Makassar Strait is
reduced by ~20%. Small number surface drifters entering from the North Pacific exit
through Lombok in both PD and LGM simulation and are mainly recirculated inside the
Indonesian Seas. The presence of surface and thermocline ITF tracers in the eastern exit
passages is similar or slightly reduced compared to PD suggesting that glacial-
interglacial changes of shallow waters characteristics in Timor Strait reflect local
climatic influence. The seasonal pattern of surface trajectories within Makassar Strait is
changed under glacial climate conditions indicating reduced exchange of particles
within Makassar Strait during the SE monsoon phase and intensified propagation during
the NW monsoon which could have effect on sedimentation patterns in the region.
Probability of finding particles originating in North Pacific and South Pacific is not
significantly changed under glacial conditions.
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9. Outlook

The regional ocean model results left unanswered question what controls the ITF
magnitude during the LGM. Several aspects could not be addressed with the regional
model and need further attention. Response of the ITF to following forcing mechanisms
should be considered:

e changes in Pacific wind field during the LGM,
e glacial changes in density stratification in tropical Pacific and Indian
Ocean,
e relationship between ITF and possible ENSO like pattern during the
LGM,
e glacial changes in global thermohaline circulation.
Although some of the forcing theories have been analysed in this work, the results seem
to vary between the models and do not give consistent explanation. A more complete
theory is needed for better understanding of ITF dynamics at the LGM.

The regional model results suggest strongest impact of the ITF on surface and
thermocline circulation in the Indian Ocean. Possible interactions with atmosphere
remain a task to be investigated in the coupled ocean-atmosphere models. However,
more realistic representation of the ITF in the low resolution models is necessary for
testing the sensitivity of tropical climate system to changes in the ITF. This includes
realistic values of transport magnitude, possible changes in seasonality during the LGM
and correct representation of vertical profile of the flow which could be more surface
intensified due to the sea level lowering.

The ITF dynamics are still a challenge for physical oceanographers and the high
resolution model used in this work can be further applied for process studies such as
investigating frictional effects, impact of different mixing parameterizations including
tides on modifying the water masses properties in the Indonesian Seas [Hatayama et al.,
1996; Susanto et al., 2000; Schiller, 2004]. Some of the short-time scale phenomena
could not be captured in the model due to simplified forcing. However, intraseasonal
fluctuations due to remote forcing from Indian Ocean [Sprintall et al., 2000] and eddies
[Qiu et al., 1999; Wijffels et al., 2000] could potentially account for large amplitudes of
the flow. The performance of the regional model to realistically simulate ITF variability
could be further improved by including intraseasonal variations in wind field and
boundary conditions.

The regional model gives opportunity for direct comparison of water masses
properties in the main passages with paleoclimatic reconstructions of ocean
temperature, salinity and thermocline depth during the LGM. For comparison and
interpretation of the sedimentological/paleontological data from the region, the
simulated circulation in the Indonesian Seas for PD and LGM conditions can be used as
a reference for more detailed sediment modelling. This could include analysis of bottom
velocities, sedimentation processes such as changes in accumulation rates related to
grain size and bottom friction that could be very helpful in data analysis.
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10. Appendices

Appendix A List of acronyms

Abbreviation

Replacement Text

AGCM
AOGCM
BA
CLIMAP
CS

CS
CSM
DBP
EIO
ENSO
HE

I0
IPWP
ITF
JEBAR
LGM
MC
ME
MK
NECC
NP
NW
OBC
OGCM
PD

Atmospheric General Circulation Model

Atmosphere-Ocean General Circulation Model

Bolling — Allered

Climate Long Range Investigation, Mapping and Prediction

Celebes Sea

Cube Sphere

Climate System Model
Downstream Buoyant Pool

East Indian Ocean

El-Nifio Southern Oscillation
Halmahera Eddy

Indian Ocean

Indo-Pacific Warm Pool
Indonesian Throughflow

Joint Effect of Baroclinicity and Relief
Last Glacial Maximum
Mindanao Current

Mindanao Eddy

Makassar Strait

North Equatorial Countercurrent
North Pacific

Northwestern

Open Boundary Conditions
Ocean General Circulation Model

Present-day

127



SE
SEC
SP
SSH
SSS
SST
THC
TOS
TS
WOA
WP
WPWP
YD

Units
1 ky
1 PW
1 Sv
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Southeastern

South Equatorial Current
South Pacific

Sea Surface Height

Sea Surface Salinity

Sea Surface Temperature
Thermohaline Circulation
Timor and Ombai Strait
Temperature Salinity
World Ocean Atlas

West Pacific

West Pacific Warm Pool

Younger Dryas

10° years
10° w

10° m3s™



Appendix B Model Formulation

Appendix B.1 Primitive equations

The model formulation is based on the non-hydrostatic form of the incompressible
Boussinesq equations in z-coordinates. The following hydrostatic primitive equations
are used to describe oceanic motion:

Equations of motion in horizontal:

Dy, U | =
—2+ fkxv, +—V_p=F 10-1
Dt ,fk h pC zp
Equation of motion in vertical:
Dw gp 1P _, p 10-2
Dt p, p, oz
Equation of continuity:
Vz-ﬁh+8—W:0 10-3
0z
Equation of state:
p=p0,S,p) 10-4
Equation for potential temperature:
D6
=7 = 10-5
i Oy
Equation for salinity:
DS
= _ 10-6
o -9

Hydrostatic formulation is achieved by setting €,, = 0. The ocean properties are
defined as following: v, = (u,v,0) is the horizontal component of velocity, w is the

vertical velocity, g is the gravity constant, f'is the Coriolis parameter, p is the pressure,
p 1is the density of water, p. is a constant reference density, F and F, are the forcing and

dissipation terms of velocity in horizontal and vertical respectively, @ is the potential
temperature of the ocean, Oy are forcing and dissipation of potential temperature, S is
the salinity of the ocean and Qs are the forcing and dissipation of salinity.
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The Indonesian Throughflow acts as a major switchboard in the global thermo-
haline circulation, and its variability is strongly related to tropical climate dynam-
ics on shorter and longer timescales. During the Holocene and Pleistocene,
fluctuating sea surface temperature and salinity patterns in the Western Pacific
Warm Water Pool and Indonesian Seas and variations in East Asian monsoon
strength mainly controlled the intensity and hydrological characteristics of the
throughflow. Additionally, glacial/deglacial sea-level change strongly influenced
throughflow volume in shallow sections of many passages (i.e. the southern part of
the Timor passage on the NW Australian shallow shelf) thus altering the related heat
transfer between oceans.

The tectonic history of the Indonesian Gateway ultimately controlled the long-term
evolution of the throughflow. During the Pliocene, changes in the position and
geometry of the inflow passages (Mindanao Passage to the North and Halmahera Pas-
sage to the south) in relation to the tropical Pacific front significantly modified the
climatic role of the tropical Indian and Pacific Oceans, resulting in reduced atmos-
pheric heat transport from the tropics to high latitudes. However, the precise timing
of major restriction in the surface and thermocline water flow is difficult to ascer-
tain. The early evolution of the Indonesian Gateway was characterized by tectonic
restriction of the deep water pathway between the Pacific and Indian Oceans at
approximately 25 Ma. By the early Miocene, the Indonesian Gateway was already
closed as a deep water pathway between the Pacific and Indian Oceans.

INTRODUCTION

Impact of Indonesian Throughflow and West Pacific Warm

Continent—Ocean Interactions Within East Asian Marginal Seas Pool on Global Climate and Circulation

Geophysical Monograph Series 149 -
Copyright 2004 by the American Geophysical Union Today, the West Pacific Warm Pool (WPWP) plays a key role
10.1029/149GM 16 in regulating the heat budget of the Earth [Bjerknes, 1969;
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Wyrtki, 1981, 1987; Bastacov, 1996; Patrick and Thunell, 1997,
Webb et al., 1997]. The western continuation of the WPWP
gives rise to the Indonesian Throughflow (IT), a narrow band
of warm, low—salinity water that transports excess heat and
freshwater from the Pacific to the Indian Ocean through the
Indonesian Gateway {Yan et al., 1992; You and Tomczak, 1993;
Gordon and Fine, 1996). The present day IT transports on
yearly average 10-15 Sv (1 Sv=10° m? s-!) of warm, low-
salinity water from the WPWP and the Indonesian-Malaysian
archipelago into the eastern Indian Ocean {Chong et al., 2000;
Ganachaud and Wunsch, 2000]. The IT is regarded as one of
the major switchboards in the global thermohaline circulation,
and its variability influences the global climate on short term
(ENSO-related) and longterm timescales [e.g., Schott and
McCreary, 2001; Gordon et al., 2003].

The vanability of the IT is closely related to fluctuations in
the intensity, geographic extent and position of the WPWP.
The development of the WPWP and the related intensity of the
IT probably play a significant role, although not yet fully
understood, in the early stages of the El Nifio-Southern Oscil-
lation (ENSO) [ Yan et al., 1992; Meyers, 1996]. During ENSO
events, western Pacific sea-level is lowered due to strong
westerly equatorial winds in the Pacific and the throughflow
becomes reduced. During these periods extremely cold sea
surface temperatures (SSTs) and a shallow thermocline are
observed along the Indian Ocean coasts of Java, Timor and
Sumatra [Meyers, 1996].

The heat export from the Pacific into the Indian Ocean sub-
stantially affects atmosphere-ocean coupling in the tropical
Pacific and Indian Oceans and on a global scale. Coupled
ocean models [Schneider, 1998; Wajsowicz and Schneider,
2001] indicate, that during periods of intensified through-
flow, the center of the WPWP moves westward. Thus, changes
in IT intensity would not only drive changes in global atmos-
pheric circulation and affect mid-latitude wind systems, but
would also influence interannual climate anomalies, such as
the ENSO and southeast Asian monsoon systems [Nichols,
1984; Webster, 1998]. Throughflow related SST anomalies
in the tropical Indian Ocean are additionally related to wind
and precipitation anomalies that may have implications on
the longterm variability of the Indian and Australasian mon-
soons and lead to severe floods in eastern Africa and droughts
in Indonesia [Wajsowicz, 2002; Sprintall et al., 2003].

Tectonic History of the Indonesian Gateway and
Paleoceanographic Implications

The Indonesian gateway represents one of the three critical
zonal tropical ocean passages, which strongly influenced
global ocean circulation in the late Mesozoic, Paleogene and
Neogene. Opening and closure of these gateways were asso-

ciated with dramatic changes in the global thermohaline cir-
culation [e.g., Kennett et al., 1985; Bice et al., 2000]. The
Panama and Tethys Gateways are now closed, but the Indone-
sian Gateway is still open for surface and intermediate water
circulation. Thus, the tectonic and oceanographic history of the
SE Asia—Australia collision zone is of considerable impor-
tance for understanding regional and global climate change
during the Neogene. Specifically, constraining the timing of
major tectonic and oceanographic changes within this region
is critical for understanding the role of the Indonesian Gate-
way in long term Cenozoic climate evolution as well as the
expansion of the WPWP and the ENSO-system. However,
the tectonic history of this gateway did not follow a simple uni-
directional path of convergence and closure. Tectonic changes
have included collision and mountain building, but also exten-
sion and formation of new ocean basins in eastern Indonesia
(Figures 1, 2). The critical plates are those of SE Asia,
India—Australia and the Philippine Sea, and the crucial region
lies between Borneo and the Bird’s Head of New Guinea,
including the islands of Sulawesi and the Banda arc. The rel-
evant time interval comprises the last 30 million years, when
tectonic processes led to significant changes in the distribu-
tion of land and sea and in particular in the configuration of
deep-water passages to the north of Australia.

The long-term history of the IT and its relation to the tem-
poral and spatial variability of the WPWP and consequent
climatic and paleocanographic changes are still poorly under-
stood. It is probable that the WPWP did not exist before the
Australia-Asia gap became severely restricted or closed. Once
collision between Australia and SE Asia (and the Phillipine Sea
Plate) began at approximately 25 Ma, the connection proba-
bly became restricted, and the passage of deep water, and
large volumes of water, between the two oceans decreased.

Kennett et al. [1985] suggested a closure of the Indonesian
Gateway in the middle Miocene which had dramatic reper-
cussion on circulation patterns in the Pacific Ocean, and was
a critical tngger for global climate change. Nishimura [1992]
proposed a paleoceanographic model indicating closure of
the Indonesian Seaway at the end of the early Miocene (1617
Ma), based on tectonic evidence. However, plate tectonic
reconstructions of SE Asia for the Cenozoic by Ali et al.
[1994] and Hall [1996, 2002] suggest that the Indonesian
Gateway began to close earlier than this, at the beginning of
the Miocene. In contrast, a Pliocene closure of the Indone-
sian seaway as a major passage of warm surface water flow
from the Pacific to the Indian Ocean between 5 and 3 Ma was
suggested by Cane and Molnar [2001]. These authors pro-
posed, that the northward advance of New Guinea since
approximately 5 Ma switched the source of the Indonesian
Throughflow waters. This change in hydrological character-
istics would have had far-reaching consequences, such as a sig-
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Figure 1. Topography and major plate boundaries of the Indonesian Gateway region. The positions of ODP cores dis-
cussed in text are indicated: ODP Site 761 (16°44.23’S, 115°32.10’E, 2189 m water depth), ODP Site 1146 (19°27.40°N,
116°16.37°E, 2092 m water depth), ODP Site 1148 (18°50.17°N, 116°33.94"E, 3294 m water depth).

nificantly decreased sea surface temperatures in the Indian
Ocean, the aridification of East Africa, and reduced atmos-
pheric heat transport from the tropics to high latitudes [Cane
and Molnar, 2001].

New high resolution proxy records reaching back to the
Oligocene/Miocene boundary recently became available from
the South China Sea (ODP Leg 184, [Zhao et al., 2001a, b;
Kuhnt et al., 2002; Holbourn et al., this volume]) and from the
North Australian margin [Holbourn et al., 2004]. In this review
we will focus on four key time windows during which major
changes in the circulation between the Pacific and Indian
Ocean occurred:

I. The Holocene and Late Pleistocene (last 450 ky):
Glacial/Interglacial variability and the present day Indone-
sian Throughflow.

2. The Pliocene-late middle Miocene restriction.

3. The middle Miocene: Sealevel and paleoceanographic
perturbations.

4. The early Miocene initial closure.

Our main aims are to provide a review of the tectonic/pale-
ogeographic boundary conditions within the gateway area,
and to examine paleoceanographic and modelling evidence

for changes in circulation patterns within and on either side of
the gateway.

THE HOLOCENE AND LATE PLEISTOCENE (LAST
450 KY): GLACIAL/INTERGLACIAL AND SHORT-
TERM VARIABILITY

Topography and Bathymetry of the Indonesian Gateway

The Indonesian Gateway Region includes two major con-
tinental plates, Sundaland-Eurasia and Australasia separated
by a mosaic of microplates mainly of oceanic character. A
comprehensive description of this complex of modemn and
ancient island arcs, oceanic basins and continental fragments
is given in Hall [2002] and compiled in Figure 2. The present
day IT intensity is controlled by four critical passages, the
Makassar, Lombok, Ombai and Timor Straits which have very
different transverse profiles, sill depths, and tectonic histo-
ries (Figures 3, 4). While the Makassar-Strait represents the
major inflow passage through the Indonesian Archipelago,
the outflow into the eastern Indian Ocean is distributed between
three important gateways: To the west, the Lombok Strait with
a sill depth of 250 m is the shallowest passage and only rele-
vant for surface flow. This narrow channel was probably
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Figure 2. Reconstructions of the Indonesian Gateway from 30 to 5 Ma [Hall, 2002]. Areas shaded medium gray represent
oceanic crust, submarine arc regions, hot spot volcanics, and oceanic plateaux. Light gray areas within ocean basins rep-
resent mainly arc, ophiolitic, and accreted material formed at plate margins during the Cenozoic. White areas represent sub-
merged parts of the Eurasian continental margin. Dark gray colors represent submerged parts of the Australian continental
margin. White lines in ocean basins indicate marine magnetic anomalies and strike slip faults, gray lines indicate active
spreading centres. White lines with triangles indicate subduction zones.
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Figure 3. Present day Indonesian Throughflow, modified from Gordon [2001] and Gordon et al. [2003}, and drawn on a
topographic basemap derived from the ETOPO-5 bathymetric data set (Data Announcement 88-MGG-02, Digital relief of
the Surface of the Earth. NOA A, National Geophysical Data Center, Boulder, Colorado, 1988.)

strongly reduced during glacial sea level lowstands. Further
east, the Ombai Strait with a sill depth of 2000 m offers a
pathway for surface and intermediate water masses [Molcard
et al., 2001]. The flow through the Timor Strait, the most east-
erly of the three passages with a sill depth of 1500 m, is in the
same order of magnitude as the flow through the Ombai Strait.
However, it has a strong shallow water component along the
NW Australian shelf.

Controls on Indonesian Throughflow Variability

The present day transport through the gateway is complex,
as water masses undergo significant modification during a
long transit through an intricate array of passages, subjected
to the influence of monsoonal climate systems. In turn, trans-
port and temperature profiles of the IT may significantly
affect the sea surface temperature and heat budgets of both
Pacific and Indian Oceans, and alter patterns of heat and water
vapour exchange with the atmosphere. The main inlets of the
IT are close to the major tropical Pacific front dividing water
masses of North Pacific and South Pacific origin with dif-
ferent temperature, nutrient and salinity properties. Two
regional monsoon phases exert major control on the upper
ocean salinity and temperature variability in the outflow pas-
sages. During the warm wet Northwest Monsoon (November

through March) sea surface temperature rises and salinity
falls (max. SST around 30°C and sea surface salinity (SSS) as
low as 32 psu and below), while during the cooler drier and
windier Southeast Monsoon (June to September) upper ocean
conditions get cooler (25°C) and saltier (34 psu) [Sprintall
et al., 2003]. The maximum throughflow occurs during this
boreal summer season as a result of lowered sea level south of
Indonesia in response to strong SE trade wind forcing [God-
frey, 1996; McBride, 1999]. The following annual average
throughflow transport values were obtained from mooring
measurements:

* Makassar Strait: 9.3 £ 2.5 Sv [Gordon et al., 1998, 1999]

e Lombok Strait: 1.7 Sv [Murray and Arief, 1988)]

e Ombai Strait: 5.0 £1 Sv [Molcard et al., 2001]

e Timor Passage: 7.0 Sv [Cresswell et al., 1993]

¢ Timor Passage 4.5 £1.5 Sv (for 120-1040 m water depth,

Molcard et al. [1994))
» Timor Passage 4.3 1.0 Sv (for 0—1250 m water depth,
Molcard et al. [1996))

On the basis of recent current and temperature measure-
ments in the Makassar Strait, estimates of average IT water
mass temperature were significantly corrected towards cooler
temperatures. Thus, the total heat transport from the WPWP
into the Indian Ocean may be less significant than previ-
ously inferred [Gordon et al., 2003]. The reason for such a
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Table 1. Main characteristics of North and South Pacific inflow waters into the Indonesian passages and their relative

importance today and in the past

North Pacific Water
(Mindanao Eddy, Western Passage)

South Pacific Water
(Halmahera Eddy, Eastern Passage)

Warm but cooling occurs in Makassar Strait
Low salinity

Oligotrophic

Dominant today

Reduced during El Nifio, Glacials, Pre-Pliocene

Warm

Normal salinity

Mesotrophic

Reduced today

More important during El Nifio, Glacials, Pre-Pliocene

cool IT stems from monsoonal wind patterns, which restrict
warm surface flow and favour deep thermohaline flow of
cooler water through the Makassar Strait. Since this mech-
anism requires the presence of a low—salinity surface water
mass in the western part of the Java Sea, which would have
been absent during the last glacial, the glacial Throughflow
may have been comparatively warmer and probably more
saline than at present.

Another significant control on the characteristics of the IT
water mass, which probably fluctuate on various timescales,

-125 m sealevel -60 m sealevel

Makassar Strait

is the relative influx of North and South Pacific waters in the
IT inflow (Figure 3, Table 1). During periods of intense WPWP
development and with the present day topography in the
Halmahera area, low—salinity North Pacific thermocline water
dominates the inflow (approximately 9 Sv), and saline South
Pacific surface water entering from the Halmahera eddy is
comparatively small (maximum 1-2 Sv), but a larger South
Pacific contribution has been suggested for lower thermo-
cline intermediate water in the Banda Sea [Hautala et al.,
1996]. However, the influence of South Pacific water may

present day (0 m) sealevel

Timor Passage

900 m KALIMANTAN

SULAWESI

120°E  10°S  11°S

116°E 117°E 118°E 119°E

12°8 13°S

Critical Gateways:

M: Makassar Strait
O: Ombai Strait
T: Timor Passage
L: Lombok Strait

NW Australian Shelf

14°S 15°S 16°S

Figure 4. Critical passages for the Indonesian Throughflow and change in cross section geometry with a lowering of sea
level by 60 m and 125 m. (Reconstruction using the ETOPOS bathymetry-data set.)



have been more significant during periods when the WPWP
weakened and shifted towards the eastern tropical Pacific (i.e.
during El Niiio situations and glacials), and in pre-Pliocene
times, when the position of Halmahera was not preventing
South Pacific waters from entering through the western
(Makassar) passage [Cane and Molnar, 2001].

The intensity and the pathways of the IT are also signifi-
cantly influenced by eustatic sealevel fluctuations. A precise
reconstruction of sealevel change during the Last Glacial Max-
imum (LGM) at 22-20 ka 1is critical for understanding circu-
lation patterns within the Indonesian passages during glacials
and glacial terminations. A specifically sensitive feature is the
broad and shallow NW Australian Shelf, which today is a
major pathway for the shallow water throughflow, but would
have been completely exposed at a LGM sealevel below —120
m. High resolution reconstructions of the late post-Pleistocene
sea-level rise along transects on the Sunda Shelf [Hanebuth
et al., 2000] and the North-Australian Bonaparte Gulf
[Yokoyama et al., 2000] have fueled an ongoing controversy
regarding sea-level change during the LGM (see discussions
of the EPILOG (Environmental Processes of the Ice Age: Land,
Ocean Glaciers) working group, Clark and Mix, [2002]; Peltier
[2002]; Lambeck [2002]). Evidence for a marginal marine to
brackish facies at 121 m below the present day sealevel was pro-
vided in the Bonaparte Gulf off NW-Australia by Yokoyama et
al. [2000]. A sealevel lowstand of approximately 135 m was ini-
tially proposed, based on calculations of the geoid and esti-
mates of glacial global ice volume [Yokoyama et al,. 2000],
but these calculations were partly based on unrealistic model-
ling assumptions [Peltier, 2002; Lambeck et al., 2002]. How-
ever, the broadly accepted lowstand of 116-120 m [Hanebuth
et al., 2000; Peltier, 2002] below present sea level has recently
been put into question, and a lowstand of 135 m is once more
considered possible [Peltier, 2002].

Glacial Circulation Patterns in a General Circulation
Model

Experimental setup. A set of sensitivity model experiments
was conducted to assess possible changes in the intensity and
pathways of the IT during the last glacial period. Experiments
were performed with the MIT General Circulation Model [Mar-
shall et al., 1997a, b), a primitive equations model with z-coor-
dinates in the vertical. The model domain covered the Indonesian
Seas from 105°E-140°E and 20°S—10°N. In order to capture
details of the bathymetry in the main passages, the horizontal
resolution of the model was 1/6° in both zonal and meridional
direction and it had 25 vertical levels with resolution ranging
from 10 m near the surface to 500 m close to 4500 m depth. The
model was integrated for at least 3 years with a time step of
600 s. The nitial 2 months were excluded from the analysis.
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Biharmonic viscosity mixing of momentum of 1x10'! m*s~!
and Laplacian diffusion of 1x10° m?s™! for mixing of tracers was
used in the horizontal. In the vertical, Laplacian coefficients
of 1x1073 m?s™! for viscosity and 1x10~5 m2s~! for diffusion
were used. The model seafloor topography was derived from the
ETOPO-5 topography data set [NOAA, 1988]. For the glacial
simulations, the depth values were reduced by 120 m in order
to account for lower glacial sea level.

For present-day conditions the model was forced with
monthly wind stress data derived from the Atlas of Surface
Marine Data [da Silva et al., 1994] and monthly tempera-
ture and salinity fields from the 1998 World Ocean Atlas
[Conkright et al., 1998] at the lateral boundaries. Sea sur-
face temperature and salinity were restored on a monthly
time scale to climatological values of the same atlas. The
velocity field at the lateral boundaries was taken from the
global ocean model simulation for present-day conditions
[Paul and Schdfer-Neth, 2003). The total volume transport
was set to the annual mean value of 12 Sv which is close to
the observations [Gordon, 2001] and held constant through-
out the simulation. In the glacial simulation, the total vol-
ume transport was reduced by 1/3 in accordance with global
model predictions for the IT transport during the LGM [Paul
and Schdfer-Neth, 2003]. The glacial boundary conditions
for temperature and salinity were adopted from the global
ocean model experiment of Paul and Schdfer-Neth [2003]
for the LGM climate. The glacial wind stress data used in
the model are based on the AGCM ECHAM3 experiment as
described in Paul and Schdfer-Neth [2003].

Three experiments were compared in order to examine the
sensitivity of the throughflow to changes in topography and
boundary conditions separately:

1. Reference simulation (MOD) with the present-day topog-
raphy and forcing derived from observed monthly climatology
data.

2. Simulation (MOD-LGM) in which the same forcing was
applied but sea-level was lowered by 120 m.

3. Glacial simulation (LGM-LGM) with glacial boundary
conditions and glacial topography.

A summary of the experimental setup and selection of source
data is included in Table 2. The results from the regional model
may not be directly compared in detail with observed values
since the model forcing was on a monthly timescale and temporal
variability of the large scale processes in terms of volume trans-
port was absent. Nevertheless, the model produced mean cir-
culation patterns through the passages in reasonable agreement
with observations [Gordon, 2001; Gordon et al., 2003].

Model results. Our model results show that the bulk of
the IT takes the route through the Makassar Strait (Table 3).
Some deep water passes through the gateways between
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Table 2. Overview of sensitivity experiments with the high-resolution ocean circulation model

Experiment Bathymetry Total volume  Sea Surface Temperature Surface wind stress
transport (Sv)  and Salinity
MOD ETOPO 5 12 World Ocean Atlas Atlas of Surface
Conkright et al. Marine Data
[1998] da Silva et al. [1994]
MOD-LGM ETOPO 5 12 World Ocean Atlas Atlas of Surface
-120 m Conkright et al. Marine Data
[1998] da Silva etal. [1994]
LGM-LGM LGM ETOPO § 8 Paul and Schdfer- Paul and Schdfer-
-120m Neth [2003) Neth [2003]

Sulawesi and New Guinea (North Banda Basin and the Seram
Sea). The flow through the Lombok Strait in the model is
higher than observed (3.2 Sv compared to 1.7 Sv). In the
real world, the Lombok Strait is an 18 km narrow passage,
whereas in the model it had to be widened to 36.7 km due to
the model resolution. This might be one reason for the over-
estimated transport. The flow through the Makassar Strait is
in approximate geostrophic balance except for the region
near the equator.

The experiment with lowered sea level shows that when
topography is changed, a higher slope of the sea surface is
required to force the flow through the passage as the bound-
ary values remain the same. Approximately, the zonal sea sur-
face gradient in the passage of 2x1077 gives rise to an average
meridional velocity in the upper 100 m of 0.2 m s~1. However,
the sea surface gradient does only reflect the surface flow and
not the total barotropic flow. The slope of the internal den-

sity surfaces forces baroclinic shear in the northward direction
at intermediate levels and reduces the surface flow.

For the case of lowered sea level under present-day climate
conditions, the model-generated circulation through the pas-
sages is still in agreement with the observed current system.
Model results show net throughflow reduction within the
Makassar Strait due to the sea-level lowering (Table 3). A sig-
nificant effect from sea-level change appears in the Lombok
Strait, where the total volume transport is reduced by approx-
imately 50%. When the Lombok and Ombai Straits are
blocked, the bulk of the watermass transport takes place along
the exit route through the deep northern Timor passage, while
the southern shelf region is completely exposed (Figure 5).
Experiments with glacial boundary conditions show a decrease
in annual mean transport through the main passages in accor-
dance with the total reduction of the throughflow in the large
scale model simulations.

Table 3. Mean volume and heat transport through the main Indonesian passages. See Figures 1 and 3 for the location
of the passages. Values indicate transport in southward direction and heat gain for the Indian Ocean. The heat transport
is defined as temperature transport relative to 3.4°C converted to heat units (PW) [Vranes, 2002).

Present-day conditions

Present-day conditions with

Glacial conditions

sea level lowered by 120 m

Makassar Strait 80+1.6Sv
0.40+0.12 PW
Seram Sea 37+258v
0.06+ 0.22 PW
Lombok Strait 32+07Sy
0.26+ 0.06 PW
Ombai Strait 59+1.58v
0.20+ 0.17 PW
Timor Passage 30+£1.28v

0.08+ 0.09 PW

8.1+258Sv 5.7+2.18v
045+ 0.17 PW 0.35£0.20 PW
40+25Sv 24+218Sv
0.06+ 0.24 PW 0.03+0.15 PW
1.6 £ 0.6 Sv 1.7+ 0.8 Sv
0.15+£ 0.06 PW 0.15£ 0.07 PW
55+0.6Sv 34+£1.0Sv
0.19+ 0.06 PW 0.11£ 0.05 PW
5.1+0.5Sv 3.1+0.88Sv
0.20+ 0.05 PW 0.13+£ 0.06 PW
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Figure 5. Model generated circulation through the Indonesian passages in the present-day (left) and LGM (right) simu-
lation. The gray scale represents the mean sea surface temperature (°C). Vectors show volume flux (m? s'!) above 500 m
water depth.

Sea-level lowering has a significant effect on the vertical Makassar Strait [ Wajsowicz et al., 2003]. The transport below
structure of the throughflow (Figure 6). The present-day sim- the sill depth (650 m) in the southern Makassar Strait is actu-
ulation shows a subsurface maximum of southward veloci- ally zero. The experiments with lowered sea level and the gla-
ties consistent with the current meter measurements from the cial simulation show an intensification of the main flow in

o 1 L o 1 ] ]
100 — 100 -
- o —— - o
- - s
200 i 200 - B
T - 100 e - 100
300 [: 300 i
200. - 200.
400 # [ 400 — i
— F 300. — I~ 300.
E A i E A I
£ 500 £ 500
a - 400. a - 400,
© - [ -
o - Qo -
600 — 600 —
- 500. - 500.
700 i 700 7 [
~ 600. 600.
800 i 800 i
- 700. - 700,
900 i 900 — i
- 800. - 800
1000 T T T T T T 171 T 1000 | B R T |
-100 -80 -60 -40 -20 00 2.0 -0.60 -0.40 -020 0.00
Trongport (Sv) Velocity (m/s)

Figure 6. Vertical profile of accumulated transport (left) and meridional velocity (right) within the Makassar Strait at
3°S, 118.5°E for the present-day simulation (solid line), the simulation with present-day boundary conditions and lowered
sea level (dotted line) and LGM simulation (dashed line). Negative values indicate flow in southward direction. Depth val-
ues of the LGM topography are given on the right vertical axis.
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the surface layer (Figure 6) that can be related to the 120 m
reduction in the sill depth. Though stronger shallow water
transport carries warmer surface layer water into the Indian
Ocean, the net heat transport is reduced due to the global low-
ering of glacial sea surface temperature and reduction in the
shelf area (Table 3).

Regarding the heat transport variability associated with the
monsoonal wind pattern, Gordon et al. {2003] proposed a
mechanism on the basis of recent current and temperature
measurements in the Makassar Strait. During boreal winter
monsoon, low—salinity Java Sea water enters the southern
Makassar Strait and inhibits surface warm water transport
from the Pacific to the Indian Qcean. This mechanism is repro-
duced in the present-day simulation (Figure 7 upper left). The
glacial simulation shows that the absence of Java Sea water
during the Last Glacial Maximum allows unrestricted surface
flow through the Makassar Strait during the northwestern
monsoon (Figure 7 lower left). Reversal of the wind during
present-day northern hemisphere summer (Figure 7 upper
right) draws the low-salinity waters from the southcrn Makas-
sar Strait back into the Java Sea and allows southward sur-

1 ] 1 | | |
e R P S R e W 349
34,7
345
34.3
1 34.1
33.9
33.7
33.5
33.3
33.1
329
32.7
325

114°€ 118 122°€ 126°E 130°E 134°E 138°E

35.9
35.7
35.5
35.3
35.1
34.9
34.7
345
34.3
34.1
33.9
33.7
I — 335
114%8  (18%€ 122 126°€  130°€  134°€  136°C
—> 1.20

face layer transport. For glactal conditions the southeastern
monsoon in the absence of the Java Sea accumulates Banda
Sea surface waters in the southern Makassar Strait and inhibits
southward flow in the surface layer (Figure 7 lower right).
The heat transport during the boreal summer is reduced in
the glacial simulation. Thus sea level related changes in topog-
raphy may lead to a fundamentally different seasonal cycle
of surface flow and heat transport in the Makassar Strait.

Pleistocene-Holocene Proxy Records: A Comparison with
Results From Model Experiments

A significantly reduced, more salty glacial IT and a reduced
heat export from the west Pacific into the Indian Ocean, as
indicated by the model experiments should be evident in the
SST, SSS, and paleocirculation proxy records from the Indone-
sian Gateway region.

Sea Surface Temperature (SST) and Sea Surface Salinity (5SS).
Oxygen isotope data from the Indonesian Seas including the
Sulawesi Sea [Barmawidjaja et al., 1993] and the Banda Sea
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Figure 7. Sea surface salinity (psu) and surface currents (ms™) for the present-day (upper panels) and LGM conditions (lower
panels) during the northwest winter (left) and southeast summer monsoon (right). Note the higher salinity values for the

glacial simulation.
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Figure 8. Glacial salinity estimates from 8'20 record and independent paleotemperature reconstructions based on Mg/Ca
paleothermometry (1-5) and Uk37 temperatures (6—7). Glacial precipitation estimates from vegetation records are taken
from De Deckker et al., [2002] (filled circles). Present day mean positions of the ITCZ during January and July are from
Sturman and Tapper [1996]. Isotope and paleotemperature data are from Lea et al. [2000] (1), Palmer and Pearson [2003]
(2), Stott et al. [2002] (3), Rosenthal et al. [2003] (4), Visser et al. [2003] (5), Kienast et al. [2001] (6), and Wang et al.
[1999] and Pelejero et al. [1999] (7). Open circles indicate evidence for conditions similar to the Holocene or drier con-
ditions during the LGM, crosses indicate evidence for wetter conditions during the LGM.

[Ahmad et al., 1995] indicate higher salinities during the LGM
than today (see De Deckker et al. [2002] for a review). Mar-
tinez et al. [1997, 1999, 2002] and De Deckker et al. [2002]
thus suggested more saline glacial conditions throughout the
Indo-Pacific Warm Pool. However, the study by De Deckker et
al. [2002] assumed a minimal or no temperature change from the
LGM to the Holocene in this region and generally took the high-
est 8'80 values as representative for the LGM and not an aver-
age over a large number of measurements, which can only be
calculated from recent high resolution records [Rosenthal et al.,
2003]. Recent studies using high resolution time series of paired
Mg/Ca, Uk37 and 8'80 measurements [Pelejero et al., 1999;
Kienast et al., 2001; Stott et al., 2002; Oppo et al., 2003, Rosen-
thal et al., 2003] indicate that the northern part of the WPWP
(South China Sea, Sulu Sea and Mindanao Sea) was probably
fresher during the last glacial than previously assumed (Figure
8). The Mg/Ca records estimate glacial/interglacial SST differ-
ences within the WPWP between 2° and 3°C which results in an
approximately 0.3-0.5%o lower average glacial 8'*%0,, and
consequently lower glacial salinities in the Sulu Sea and South
China Sea (Table 4). However, all these records are derived from

marginal areas of the WPWP, that may have been significantly
influenced by South East Asian monsoon variability. Low gla-
cial salinity is also reported from the Ontong Java Plateau [Lea
et al., 2000], although the geographically close G. sacculifer
record of Palmer and Pearson [2003] does not show significant
differences between glacial and interglacial 8'30, .

More relevant for glacial temperature and salinity condi-
tions in the IT area is the Makassar Strait record of Visser et
al. [2003] that not only shows lower modern 880 _values
than any other records from the WPWP but also glacial val-
ues that are significantly higher than today. The low modern
SSS may be partly an effect of fresh water from the South
China and Java Sea entering the Makassar Strait during win-
ter monsoonal wind conditions [Gordon et al., 2003]. This
freshwater lens could not have existed during the LGM, when
the sea-level was lower and most of the Sunda Shelf and Java
Sea was exposed and formed an effective barrier for fresh-
water flow from the South China Sea.

Despite the incomplete coverage of glacial salinity recon-
structions for the IT area (Figure 8), a pattern arises that the
present day monsoonal climatic conditions in the Australasian
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Table 4. Present day and glacial SST and 8'30,,,., as a proxy for SSS of key locations in the WPWP and the Indonesian
passages. To calculate 5§80y We used two paleotemperature equations, that were solved for 5180 ater: Duplessy et al. [1991]:
580 uer=—21.9+5"30 picite+ 5% (12.4244+0.4T)*° and Bemis et al. [1998]: 5"*0parer = (T — 16.5 + 4.8+5'%0 cie)/4.8 + 0.27.
However, since the slopes of 5'%0 change versus temperature are similar (0.20 to 0.23%e per °C), the choice of paleotemperature
equations does not have a large impact on the calculations [Lea et al., 2000]. A reservoir correction of 1.2 %o has been applied for
LGM 8'%0,; values. The estimated uncertainty of the derived 5'30,; values is 0.18%o, calculated from the uncertainty in the
paleotemperature equation, the standard error of the Mg/Ca-SST calibration, and the reproducibility of +5"30,;.,,,:me and Mg/Caina

typical interval [Lea et al., 2000].

Recent Glacial Recent Glacial Recent Glacial
5lsocalcitc 5lsocalcitc SST SST 51sowatcr 5lsowater
(%o vs. PDB) (%o vs.PDB) °C °C (%o vs. SMOW) (%o vs. SMOW)
1. Lea et al. (2000) -2.4 -1.2 29.2 26.2 0.22 -0.13
Ontong Java
2. Palmer and Pearson -2.0 0.3 28.6 26.5 0.94 0.85
(2003) ERDC-92
3. Stott et al. (2002) 2.8 -1.0 30.0 27.0 0.26 0.28
Mindanao
4. Rosenthal et al. (2003) -2.6 -14 28.7 264 0.22 -0.27
Sulu Sea
5.Visser et al. (2003) -3.2 -1.2 29 255 -0.33 -0.25
Makassar Strait
6a. Kienast et al. (2001) 33 -15 28.2 25.5 -0.59 -0.55
18287-3 southern SCS
6b. Kienast et al. (2001) -3.1 -1.5 278 25.2 -0.48 -0.62
18252-3 southern SCS
7. Pelejero et al. (1999) -3.12 -1.72 28.0 25.2 -0.45 -0.84

17961-2 southern SCS

region were restricted to a narrower zone north of the equator
and did not affect the main path of the IT, which apparently was
influenced by continental drought and high SSS during the
LGM, as numerous land and offshore records from Indonesia
and northern Australia demonstrate [ De Deckker et al., 2002].
Glacially increased SSS in the IT may thus have been caused
by an increase in the proportion of South Pacific high salin-
ity water as proposed by Martinez et al. [2002] and enhanced
glacial evaporation in the main IT passages as suggested by
De Deckker et al. [2002].

Circulation and mixing. Miiller and Opdyke [2000] sug-
gested that paleoproductivity in the Timor trough is inversely
proportional to the strength of the IT, and is inhibited by a
cap of warm low-salinity surface water, which moves along the
NW Australian shelf and spreads out over the southeastern
part of the Indian Ocean (Timor Sea). During the LGM sur-
face waters in the Timor Sea were being depleted of CO, and
relative nitrate utilization was low [Miiller and Opdyke, 2000].
This suggests that the thermocline was shallow and that
upwelled, nutrient-rich water was present in the Timor Sea
region, indicating a strongly reduced low-salinity surface
water throughflow.

Clay minerals entrained in the Recent IT have a character-
istic assemblage composition and are advected over a con-

siderable distance, reflecting the intensity of the flow through
the passages and the propagation and extent of the outflow
into the eastern Indian Ocean [Gingele et al., 2001a]. Based
on the modern provenance and distribution patterns of the
main clay mineral groups, Gingele et al. [2001b] concluded
that a reduced glacial IT carried significantly lower amounts
of kaolinite and chlorite from the Indonesian archipelago into
the Timor Passage. While a decrease in precipitation within the
archipelago would have a similar effect, a reduction in current
speed within the Timor passage is also indicated by the dep-
osition of finer sediment. Clay mineral distribution along the
NW Australian margin also indicates a strongly reduced or
absent glacial Leeuwin Current, which forms a warm,
low-salinity current along the NW and W Australian Margin
and is regarded as a continuation of the Timor Sea Outflow
[Gingele et al., 2001b].

THE PLIOCENE-LATE MIDDLE MIOCENE
RESTRICTION (3—-12 MA)

Tectonic Development
For the Holocene and late Pleistocene it is reasonable to

assume present topography and bathymetry in most areas
around the Indonesian Gateway, and models of the through-



flow can be developed by simply changing sea level and
oceanographic boundary conditions. For periods before about
1 Ma this is not possible, as critical regions between Sulawesi
and the Bird’s Head, and between the southern Philippines
and the Banda Sea, changed dramatically in the late Ceno-
zoic (12 Ma to 1 Ma). New land emerged, mountains rose to
heights of more than 3 kilometres above sea level, and sub-
marine basins both formed and disappeared (Figure 9). Thus,
modelling the throughflow depends on models of paleogeog-
raphy, which in turn rely upon tectonic reconstructions of the
region. The descriptions of tectonic development given here
are based on tectonic modelling in Hall [2002].

At about 12 Ma Jurassic ocean crust north of Australia
began to be subducted as the Sunda Trench propagated east into
an oceanic embayment within the Australian margin. The age
of the lithosphere north of the NW Shelf was much greater than
that being subducted further west (mainly Cenozoic together
with some Cretaceous crust) which led to rapid rollback of the
subduction hinge as the Jurassic slab fell away into the man-
tle. The subduction hinge moved southeast, and the rollback
induced major extension in the SE Asian upper plate. Exten-
sion began by 10 Ma, and led to rapid decompression melting
[Linthout et al., 1996, 1997], extension-related metamor-
phism, initial arc volcanism contaminated by continental crust
[Honthaas et al., 1999] and arc splitting. Finally, backarc
basin spreading led to the formation of the South Banda Sea
from about 6 Ma. The active volcanic arc split, as the South
Banda Sea began spreading as a backarc basin. At the same
time the subduction hinge was moving towards the Australian
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continental margin. At about 3 to 4 Ma, the volcanic arc came
into collision with the Australian margin in the region of
Timor. Spreading ceased in the South Banda Sea and the vol-
canic arc became coupled to the Australian margin in the
Outer Banda Arc region around Timor. After collision, new
plate boundaries developed north of the arc in the Flores-
Wetar Sea and to the north of the South Banda Sea. On the
margins of the Banda Sea, high mountains emerged in Seram
and Timor during the Pliocene.

At 12 Ma Halmahera was situated north of New Guinea,
but further south and east than at present, with a strike-slip
boundary separating the Philippines Sea and Molucca Sea
plates from the Australian plate margin in New Guinea. East
of Sulawesi, west-directed subduction of the Philippine Sea
Plate had been underway since the early Miocene but new
east-dipping subduction began at about 12 Ma beneath
Halmahera, forming a separate Molucca Sea plate. The sub-
duction on both sides of the Molucca Sea has continued to
the present, bringing the two arcs on either side into collision,
eliminating the Molucca Sea, and bringing the Halmahera arc
to its present position northwest of Bird’s Head. Halmahera
has thus moved across the equator with New Guinea, and
in the last 3 million years the islands of the North Moluccas
including Halmahera have emerged from the sea. These tec-
tonic reconstructions suggest that restriction in the through-
flow could have occurred between 12 and 3 Ma. By about 10
Ma, the Australia-SE Asian gap appears to have been at its
narrowest and areas of land were relatively extensive. The
Makassar Strait was still a few hundred kilometers wide but

A VOLCANOES
LAND
HIGHLANDS

CARBONATE
PLATFORMS

SHALLOW SEA
I DEEP SEA
I TRENCHES

Figure 9. Interpreted distribution of land and sea in the region of the IT from 10 to 5 Ma [modified from Hall 1998}
showing postulated major ocean currents. North Pacific water is shown in dark gray, South Pacific water in light gray and
Indian Ocean-currents in white. The positions of the major Pacific flow and return currents are assumed to have remained
broadly fixed with respect to the equator as inferred by Cane and Molnar [2001]. Flow from the Pacific to the Indian Ocean
is therefore dependent on the positions of the small deep basins and channels connecting them, and intervening areas of

shallow water and land.
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there is evidence for an increase in the area of land in much
of Sulawesi. By 5 Ma, there was substantial land in Sulawesi
and the very high mountains of west Sulawesi, which are
now up to 3 kilometers high, began to rise. Elevation of
mountains in New Guinea occurred over a similar period
[e.g., Hill and Raza, 1999; Hill and Hall, 2003] and the even
greater height of these mountains, which now reach § kilo-
meters, probably induced aridity in northern Australia from
the late Miocene, perhaps as early as 10 Ma but certainly
by 5 Ma.

Paleoceanographic and Modelling Evidence From the
Indian and Pacific Oceans

Srinivasan and Sinha [1998] provided evidence for an early
Pliocene restriction (at approximately 5 Ma) of the Indonesian
Gateway from a comparison of planktonic foraminiferal species
occurrences in north-eastern Indian Ocean and tropical Pacific
deep sea cores. These authors concluded that planktonic
foraminiferal assemblages were generally similar until the early
Pliocene (first appearance of Globorotalia tumida at 5.2 Ma),
after which the faunal record showed divergence. At that time,
the Indonesian Gateway became an effective biogeographic
barrier for deep-dwelling planktonic foraminifers such as Pul-
leniatina spectabilis, which is completely absent from all Indian
Ocean DSDP and ODP sites. A restriction of IT intensity at
approximately S Ma can also be inferred from observations
that the intermediate water oxygen minimum zone in the cen-
tral Indian Ocean significantly expanded at this time [Dickens
and Owen, 1994]. These authors concluded that the expansion
of the oxygen minimum zone in the central Indian Ocean was
related to regionally increased biological productivity, as the
warm oligotrophic IT water mass was strongly reduced.

Cane and Molnar [2001] suggested that the northward
movement and emergence of Halmahera had profound effects
on ocean circulation and induced African aridity between 5 and
3 million years ago. Cane and Molnar [2001] assumed that
since the basic form and position of the Asian landmass had
changed little since the Miocene, the difference in salinity
between western Pacific waters north and south of the equa-
tor existed throughout this time. These authors suggested that
when New Guinea lay further south, and Halmahera was a
smaller island, warm water from the South Pacific would have
entered the Indian Ocean, warming sea surface temperatures
there and causing a more rainy climate in eastern Africa.
According to their model, the northward movement of New
Guinea shifted the source of throughflow water further to the
north, and the resulting colder throughflow decreased SSTs in
the Indian Ocean, thus reducing rainfall over eastern Africa.
The ensuing increase in the sea surface temperature gradi-
ent, possibly coupled with mountain building in New Guinea,

decreased heat transport out of the tropics (end of the Pliocene
“permanent El Nifio”) sufficiently to stimulate global cooling
and the eventual growth of ice sheets. This hypothesis strongly
depends on the position and history of many small crustal
fragments which make up eastern Indonesia. An alternative
mechanism would be monsoonal wind related cooling of the
throughflow waters during their passage as suggested by Gor-
don et al. [2003]. This mechanism for cooling of the modern
IT may have also contributed to a reduction of the warm
throughflow during the Pliocene. The timing of the late
Pliocene cooling of the IT would be in good agreement with
the strengthening of the East Asian monsoon system since
approximately 3.6 Ma [dn et al., 2001].

MID-MIOCENE EVENTS (17-12 MA): SEALEVEL
AND PALEOCEANOGRAPHIC PERTURBATIONS

Tectonic Development

The Indonesian Gateway has been an area of intense tectonic
activity since the earliest Miocene. Plate tectonic reconstruc-
tions of SE Asia for selected timeslices of the Cenozoic by Hall
[1996, 2002] indicate that the Molucca Sca, still was a very
wide area forming part of the Philippine Sea plate at about 15
Ma (Figure 10). This ocean basin was gradually eliminated by
subduction beneath Halmahera only after about 12 Ma, but the
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Figure 10. Interpreted distribution of land and sea in the region of
the throughflow at 15 Ma [modified from Hall 1998} showing pos-
tulated major ocean currents. North Pacific water is shown in dark
gray, South Pacific water in light gray, and Indian Ocean currents in
white. The positions of the major Pacific flow and return currents are
assumed to have remained broadly fixed with respect to the equator
as inferred by Cane and Molnar [2001]. Flow from the Pacific to the
Indian Ocean is therefore dependent on the positions of the small deep
basins and channels connecting them, and intervening areas of shal-
low water and land.



deepwater passage between the Indian and Pacific Oceans
would have been blocked east of Sulawesi already by 25 Ma.
However, the route through the Makassar Strait was always
there, probably wider open to the south than today, but would
only allow the throughflow of shallow and intermediate water
of North Pacific origin as it does today. The region from New
Guinea to Sulawesi remained a zone of strike-slip faulting.
Very localized transpression and transtension in this zone
makes a precise reconstruction of the paleogreography and
especially the estimate of sill depths of gateways extremely dif-
ficult, but there is no evidence for a major tectonic reorgani-
zation of the gateway between the Indian and Pacific Oceans
between 17 and 12 Ma.

Sealevel and Paleoceanography

Deep water paleoceanography. Comparison of 8'30 and
313C profiles from Site 588 (SW Pacific Ocean, [Flower and
Kennett, 1993]), Site 761 (E Indian Ocean) and Site 1146
(South China Sea) reveals marked differences in the charac-
teristics of deep water masses at these three sites [Holbourn
et al., this volume]. High 8'3C values at the SW Pacific Site
588 indicate relatively well ventilated deep water and close
proximity to a southern high latitude source. By contrast, the
markedly lower 8'°C values at Site 761, in the E. Indian Ocean
and at Site 1146 in the South China Sea Site 1146 point to a
different origin for deep/intermediate water masses. How-
ever, coherence in the amplitude of 8'3C increases and
decreases at the three sites supports a common, global origin
for 8!3C changes (carbon burial), and no open low latitude
deep-water connection between the Indian and Pacific Oceans
is required to explain these synchronous changes. The ranges
of 680 values are quite comparable at Sites 588 and 1146, but
differ markedly at Site 761 (1.1 to 2.4%o), indicating restricted
intermediate/deep water exchange between the Pacific Ocean
and Indian Ocean through the Indonesian Gateway during the
middle Miocene climatic optimum and subsequent global
cooling at ~13.9 Ma.

Shallow water throughflow and sealevel history. The eusta-
tic sealevel fall at the end of the Miocene climate optimum,
caused by major expansion of the East Antarctic Ice Sheet
between about 15 and 13 Ma [Flower and Kennett, 1993;
Zachos et al., 2001; Sugden and Denton, 2003], must have
had significant impact on the IT, as the Indonesian passages
were fairly shallow at that time (Figure 10). The amount of this
sealevel fall may have been in the order of 60-80 m [Hard-
enbol et al., 1998; Holbourn et al, 2004] and probably had
as much impact on the IT as the glacial-interglacial sealevel
fluctuations of the Pleistocene. A restriction in sealevel would
have reduced throughflow intensity over the probably wide
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and shallow Mid-Miocene barriers more than within the nar-
row deep passages today. The effect of a significant restriction
of surface flow between the Pacific and Indian Ocean on the
circulation system of the Pacific Ocean was originally
described by Kennett et al. [1985], based on paleobiogeo-
graphic distribution patterns of planktonic foraminifers. The
modern features of the Pacific Ocean circulation system such
as the northward and southward deflection of warm equato-
rial currents to form the Kuroshio and East Australian cur-
rents may have first evolved at this time. It is thus quite possible
that the major sea-level fall at approximately 13.9 Ma was
more significant for the re-organisation of current systems
through the Indonesian passages than tectonic constriction.
At that time, prevailing strike-slip movements may have caused
local transpression but not significant crustal shortening lead-
ing to the elimination of passages.

EARLY MIOCENE INITIAL CLOSURE (25-17 MA)
Initial Collision History of Australia and SE Asia

Before Australia and SE Asia began to collide a wide and
deep oceanic area existed between them. Thus, before about
25 Ma there would have been largely unimpeded flow of deep
and intermediate water from the Pacific to the Indian Ocean,
except for possible obstacles such as arcs between West Sulawesi
and northern Australia related to northward subduction of the
Indian-Australian plate. From the late Eocene (42 Ma), the
northward movement of a single Indian-Australian plate was
accommodated by subduction of oceanic crust beneath SE Asia
at the Sunda Trench. This trench continued east into the Pacific
and at 30 Ma, the Indian-Australian plate was being subducted
beneath an arc which extended east from west Sulawesi, through
the Philippines and Halmahera, into an arc at the southern edge
of the Caroline Sea (Figure 11).

During the Paleogene SE Asia was a largely elevated land-
mass (Sundaland). Sedimentary basins formed around the
edges of Sundaland from the Eocene and became marine at dif-
ferent times. The Makassar Strait was one these basins. Exten-
sion and subsidence in the Makassar Strait probably began
in the early Eocene [Moss and Chambers, 1999] and may
have led to the formation of oceanic crust in the northern
Makassar Strait [Cloke et al., 1999], which was linked to the
Celebes Sea and West Philippine Basin [Hall, 1996]. By the
late Oligocene, there was a deep marine basin to the east of
Borneo, which separated Borneo from west Sulawesi, and
which may have linked the Celebes Sea to the Indian Ocean,
although at the southern edge of SE Asia a volcanic arc may
have prevented a complete connection.

At about 25 Ma there was arc-continent collision in New
Guinea and in SE Asia (Figure 11). This effectively elimi-
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Figure 11. Interpreted distribution of land and sea in the region of the throughflow from 30 Ma to 20 Ma (modified from
[Hall 1998]) showing postulated major ocean currents. North Pacific water is shown in dark gray, South Pacific water in
light gray, and Indian Ocean currents in white. The positions of the major Pacific flow and return currents are assumed to
have remained broadly fixed with respect to the equator as inferred by Cane and Molnar [2001]. Flow from the Pacific
to the Indian Ocean is therefore dependent on the positions of the small deep basins and channels connecting them, and

intervening areas of shallow water and land.

nated the wide and deep oceanic gap between Australia and SE
Asia but the passage of water between the Pacific and Indian
Oceans was probably not completely stopped because the col-
lision did not lead to widespread emergence of land. At this
time there was a major reorganisation of plate boundaries.
Australia and SE Asia first made contact in east Sulawesi
[Hall and Wilson, 2000], where sub-ophiolite metamorphic
rocks indicate late Oligocene intra-oceanic thrusting and
Oligocene to early Miocene subduction [Parkinson, 1991,
1998; Wijbrans et al., 1994]. Arc-related volcanic activity
ceased in Sulawesi and collision-related deformation dates
from the early Miocene. Ophiolites were obducted in SE
Sulawesi during the early Miocene and unconformable con-
tacts indicate emergence [Surono and Sukarna, 1995]. The
ophiolites are interpreted to be thrust over crust of Australian
origin throughout east Sulawesi [e.g., Kiindig, 1956; Audley-
Charles, 1978; Villeneuve et al., 2000] following the arrival
of the Bird’s Head microcontinent at the Sulawesi active mar-
gin. However, the collisional features are evident only in the
eastern parts of Sulawesi. The Makassar Strait remained a
deep water region with passive margins to the east and west.
In western Sulawesi, there are no significant breaks in marine
deposition [Wilson, 2000; Calvert, 2000], as shown by the
lack of regional angular unconformities, and absence of sig-
nificant orogenic detrital sediment input.

Further east, collision occurred between the Philippines-
Halmahera-South Caroline Arc and the New Guinea margin
at about 25 Ma [Dow, 1977; Jaques and Robinson, 1977,
Pigram and Davies, 1987; Hill and Raza, 1999]. There was a
change in plate boundaries at the southern edge of the Philip-

pine Sea Plate [Hall et al., 1995]. Northward subduction of the
oceanic crust ceased and a major left-lateral strike-slip bound-
ary developed through northern New Guinea. However, there
is no evidence of major orogenic deformation in western New
Guinea. Most of the Bird’s Head remained an area of shal-
low carbonate deposition until the late Miocene. From 25 Ma
until about 12 Ma the clockwise rotation of the Philippine
Sea plate caused the region from New Guinea to Sulawesi to
remain a zone of strike-slip faulting (Figure 11). Localised
transpression and transtension in this zone are likely but can-
not yet be reconstructed because of inadequate knowledge of
the regional geology. During this period, arc terranes were
translated westwards along the margin within the strike-slip
system and fragments of continental crust were sliced from the
Bird’s Head and moved west to arrive in east Sulawesi.

Marine Paleogeography and Paleocirculation Patterns

Translating tectonic reconstruction maps into palacogeo-
graphical maps, which show land and sea, involves signifi-
cant complexities for Miocene reconstructions. The marine
geological record is incomplete because of deformation and
erosion; the terrestrial record typically consists of negative
evidence such as unconformities and stratigraphic gaps, or
comprises sediments with few, often difficult to date fossils.
In eastern Indonesia, there was a closure of the marine gap,
and collision of the Sula Spur-Bird’s Head microcontinental
area with the eastern Sunda margin from about 25 Ma
onwards. However, despite the continued convergence
between the principal plates and the arrival of fragments of



continental crust in Sulawesi, there was at the same time
opening of new deep ocean basins. Figure 11 shows the
inferred distribution of land and sea on tectonic reconstruc-
tion maps for 20 and 30 Ma. However, attempts to differen-
tiate areas of different water depths, and to draw the 500 m
isobath are still extremely tentative.

In the west, Borneo remained connected to Sundaland
throughout the Cenozoic. Sundaland was mainly emergent,
or intermittently transected by very shallow seas. Opening of
the South China Sea in the Oligocene [Briais et al., 1993]
formed a deep-water seaway to the north of Borneo but this
ocean, and its predecessor the proto-South China Sea always
terminated to the southwest in the shallow marine or emergent
shelf of Sundaland. Thus, there could never have been a sig-
nificant oceanic connection between the Pacific and Indian
Qceans north of Borneo. In contrast, from the Eocene onwards
the Celebes Sea and Makassar Strait formed deep water regions
to the north and east of Borneo through which an oceanic
connection may have existed. Deep trenches must have
occurred along the eastern Sundaland margin that extended into
the west Pacific.

As collision of Australia and SE Asia began at about 25
Ma, mountains rose in Borneo, possibly as high as those now
in New Guinea, considerably expanding the area of land, as
large deltas built out rapidly into the surrounding deep basins
[Nichols and Hall, 2002]. However, the Makassar Strait
remained wider than at present, with a very deep water cen-
tral area and wide marine shelves. From the early Miocene
there is good evidence for emergence in SE Sulawesi, but in
western Sulawesi emergence and elevation of mountains
occurred in the late Miocene or later.

Impact of Initial Closure in Deep Water Isotope Records?

The time of the initial closure of the Indonesian deep water
passage between 25 Ma and 22 Ma coincides with major
changes in the global deep sea isotope record: first a major shaft
towards lower oxygen isotope values in the late Oligocene
(Late Oligocene Warming, 26-24 Ma), followed by a rapid
return towards higher oxygen isotope values (Mi-1 Glacia-
tion, 23 Ma [Miller et al., 1991]) and a significant positive car-
bon isotope excursion at the base of the Miocene [e.g., Zachos
et al., 2001]. The synchroneity of the initial collision between
Australia and Eurasia and the significant perturbation of the
climate system in the latest Oligocene-early Miocene may
not be due to coincidence, as the closure of the Indonesian
deepwater pathway would have radically altered global ther-
mobhaline circulation patterns.

The compilation of deep water benthic isotope data for the
Indian Ocean by Zachos et al., [1992] indicates a change of
Indian Ocean ventilation at approximately 23—-24 Ma. For a
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brief interval at around 22.5 Ma, masses of comparatively !3C-
enriched waters were present at intermediate and deep water
depths. By early Miocene time, the distinct 8'%0 gradient which
was characteristic of the Oligocene was weakened, as inter-
mediate and deep waters warmed and cool deep-water masses
remained restricted to the southern part of the Indian Ocean. In
their compilation of Miocene benthic isotope data from the
Atlantic, Indian and Pacific Oceans Woodruff and Savin [1989]
recorded high (>0.5%s) inter—oceanic 8!°C differences at the
Equator at 2 km water depth between the Indian and Pacific
Oceans in the entire lower to middle Miocene (23-14 Ma),
indicating a better ventilated Indian Ocean. These authors pro-
posed a scenario of young, 8'3C-rich intermediate waters (1-2.5
km) originating in the northern Indian Ocean, probably from a
salty turbulent plume of Tethyan origin, similar to the modern
Mediterranean Outflow waters. The southern and eastern Indian
Ocean would be mainly influenced by deep water of Antarctic
origin, that may have partly originated from cooled salty Tethyan
water, that had surfaced at high southern latitudes. The distinct
813C differences of Indian Ocean and Pacific tropical inter-
mediate waters would thus contradict a significant zonal
exchange of intermediate tropical water via a deep Indonesian
Passage at least since the early Miocene (21-23 Ma time slice
of Woodruff and Savin [1989]).

A comparison of benthic deep water isotope records from
ODRP Sites on both sides of the gateway for the time period 24
to 11 Ma reveals a significant divergence in deep water $'80
curves prior to 23.5 Ma (Figure 12). While tropical Pacific
records (South China Sea, Site 1148 [Zhao et al., 2001a,
2001b]) indicate warming of deep waters coinciding with the
major global carbon isotope excursion at the Oligocene-
Miocene boundary, the two Indian Ocean records (ODP Sites
709 and 761, [Woodruff et al., 1990, 1991; Holbourn et al.,
2004]) indicate cooling. Cooling occurred later, between 23
and 21 Ma, in the South China Sea, at a time when Indian
Ocean deep water already had reached high 8'20 values (Fig-
ure 12). Thus, closure of the Indonesian passage as an impor-
tant deepwater gateway appears to have occurred very early,
prior to approximately 23.5 Ma, when a major divergence in
the paleoceanographic characteristics of the tropical Indian
Ocean and Pacific deep water is already evident.

CONCLUSIONS

The earliest restriction of the Indonesian deep water path-
way probably occurred at approximately 25 Ma, when the
Australian plate first began to collide with SE Asia. Deep
water benthic foraminiferal isotope records from the western
Pacific, South China Sea, and eastern Indian Ocean indicate
a restricted deep water exchange through the passage by the
early to middle Miocene.
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Figure 12. Comparison of benthic isotope records (11-24 Ma) from
the tropical western Indian Ocean (ODP Site 709 [Woodruff et al.,
1990, 1991)), eastern Indian Ocean (Site 761 [Holbourn et al., 2004])
and South China Sea (Site 1148 [Zhao et al., 20014, b]). All records
were tuned to the age model of Site 761 using the carbon isotope
record {Holbourn et al., 2004].

The timing of the restriction for surface and thermocline
water flow is more difficult to ascertain, and various restric-
tion events have been proposed for the middle Miocene, late
Miocene, Pliocene and late Pleistocene, based on changes in
circulation patterns in the equatorial Pacific Ocean and pale-
oceanographic evidence from the Indian Ocean [e.g., Ken-
nett et al., 1985; Srinivasan and Sinha, 1998; Cane and
Molnar, 2001]. Tectonic evidence for the restriction in sur-
face water flow within the passages is ambiguous, and con-
tinuous surface water proxy records are needed on both sides
of the passages to test the hypothesis of a stepwise restric-
tion in surface water throughflow intensity.

During the Pleistocene and Holocene, IT fluctuations strongly
influenced the paleocenography of the eastern Indian Ocean and
western Pacific Ocean. During the last glacial cycles, changes
in the intensity of the South Asian monsoon and productivity
fluctuations in the easternmost Indian Ocean were closely
related to IT strength. Modelling results indicate that glacial chi-
matic boundary conditions (wind-stress in passages and SSS
and SST conditions in the WPWP) may have been as impor-
tant controls of throughflow intensity as topographic changes
stemming from sealevel change. The warm surface flow through

the Makassar Strait may have been even stronger during the
LGM, although the total transport through the Makassar Strait
was reduced. Today, the presence of a low SSS water mass in
the Java Sea and the prevalence of monsoonal wind patterns
drive low—salinity surface water from the South China Sea
and Java Sea into the southern part of the Makassar Strait and
thus build up an effective barrier for warm surface flow. SSSs
probably were overall higher in the Indonesian passages dur-
ing glacials, although recent paired Mg/Ca, Uk37 and §'%0
records from the South China Sea and Sulu Sea indicate the
presence of very low—salinity surface waters and significant
continental runoff in the northern part of the WPWP during the
LGM. The lowered glacial sealevel would, however, have pre-
vented the interaction of low—salinity water originating from
the South China Sea with the IT.

Neither higher frequency glacial and Holocene fluctuations
in throughflow intensity on a Dansgaard-Oeschger timescale
nor changes related to ENSO-cycles have been documented
so far in the paleoceanographic record. There remain open
questions about the duration and origin of the ENSO system
and its relation to IT fluctuations, about the onset and influ-
ence of the SE Asian monsoon system on the Indonesian pas-
sages, and the sensitivity of the regional and global climate to
land and sea topographic and hydrographic change in the
Indonesian passages. To address these questions we urgently
need high resolution records of the Holocene and the last gla-
cial cycles specifically from the inflow passages and the south-
ern part of the Australasian archipelago and continuous
longterm records on both sides of the passages that reach
back into the late Oligocene.
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