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Abstract

In the global thermohaline circulation, the North Atlantic Deep Water which spreads 
throughout the global ocean requires a return flow in the upper waters and the Indonesian 
throughflow forms an important pathway for this return flow by providing a connection 
between the Pacific and Indian Oceans. In this study the MICOM model was tailored to the 
geography of the Southeast Asian region which enabled prediction of flow and transport on 
seasonal and inter-annual time scales. The focus of the study was to answer the questions: 
What are the main driving forces of the Indonesian Throughflow (ITF)? What is the 
magnitude and variability of the ITF? Is there a link between the ITF transport and ENSO, 
and what might happen under idealised global warming scenarios?

A series of numerical model experiments with the idealised geometries and wind forcing 
were carried out in order to learn about the. model, the possible flow regime, the volume 
transport and their responses to changes of forcing and topography. The model has 
successfully reproduced the physical phenomena such as the basin scale gyres, the boundary 
currents, and the equatorial currents. The model results show that the volume transport is 
sensitive to the changes of topography, the applied wind stress regime and the strength of 
wind stress.

The model experiments with the realistic geometry and forcing have pointed out that wind 
stress can produce a rather high seasonal variation of the ITF transport, but it produced a 
relatively small volume transport compared to the recent observation and numerical studies. 
The model experiments clearly indicate that the main driving forces of the ITF are the wind 
stress and thermal forcing. Among them the thermal forcing is certainly dominant. The total 
annual-mean ITF transport produced by the model is about 16.25 Sv, with 62% of the 
transport appears in the upper layers. There is a strong seasonal variability of the ITF 
transport with the minimum of about 12.26 Sv in December, and the maximum of about 
20.28 Sv in July. During a certain period of the year the ITF’s source is from the northern 
hemisphere only and at other time it is from both northern and southern hemispheres. The 
result also shows that the South China Sea plays a significant role in the variability of the 
ITF.

The model results show a clear linkage between the ITF and ENSO with the annual-mean 
ITF transport reduced in the El Niños and enhanced during the La Niñas. The correlation 
coefficient between the annual-mean ITF transport produced by the MICOM and OCCAM 
1/12° global models and the ONI index is 0.63 (with 97.5 % confidence) and 0.89 (99% 
confidence) respectively. There was a very significant correlation between the ITF transport 
and the 6 strongest ENSO events from 1982-2001 with the correlation coefficient of about 
0.89 (97.5% confidence). In addition the model experiment with idealised global warming 
suggesting that global warming seems makes little difference to the ITF transport.
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C h a p t e r l

INTRODUCTION

The Southeast Asian region forms a crucial part of the global ocean by providing a 

connection between the Pacific and Indian Oceans. However, most of the region 

between the Asian mainland and Australia consists of shelf seas shallower than 200 

metres depth. Only a few deeper channels connect the deep waters of the Pacific and 

Indian Oceans particularly through the Molucca, Banda, Savu and Timor Seas. In the 

global thermohaline circulation, the North Atlantic Deep Water which spreads 

throughout the global ocean requires a return flow in the upper waters and the 

Indonesia Throughflow (ITF) forms an important pathway for this return flow. The 

ITF therefore is the low latitude tropical current system that transfers mass, heat and 

fresh water from the western tropical Pacific into the south-eastern tropical Indian 

Ocean through the Indonesian seas, through which it transfers the climate signals and 

their anomalies around the world’s oceans. Understanding the seasonal and inter

annual variability of the flow of ocean currents through the S.E Asian region will 

help to resolve some of the complexities surrounding global and regional climate. On 

other hand, as a major global population centre, there are major economic interests in 

the shelf seas of the region, so understanding the ITF will also provide a valuable 

insight for governments and industry in their management of ocean and land-based 

resources. For example, one third of Australia’s gross domestic product is sourced on 

the North West Shelf, which is flooded by Throughflow waters and influenced by its 

variability (CSIRO, 2004).

In his early works, based on hydrographic observations, sea level records, drifts and 

climatological wind patterns, Wyrtki (1961; 1987) first estimated the ITF magnitude 

and proposed the mechanism of transferring water from the Pacific Ocean to the 

Indian Ocean. He suggested that the ITF is driven by a pressure gradient between the 

Pacific and Indian Ocean. Godfrey (1989) invented the so-called “island rule” based 

on a Sverdrup model to estimate the mean ITF magnitude. Wajsowicz ( 1993a,b;
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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. In agreement with the modified “island rule”, the ocean general 

circulation model (OGCM) experiments of Wajsowicz (1995; 1996) confirm that 

inter-annual variability in the depth-integrated Throughflow is generated by wind 

stress variations over the Pacific. However, comparison of the inter-annual variations 

in depth-integrated transport predicted by the theory and simulated by the coupled 

OGCM shows disagreement with observation in both magnitude and phasing of the 

Throughflow (Wajsowicz and Schneider, 2001). A different approach was suggested 

by Andersson and Stigebrandt (2005) where only the density gradient between the 

Pacific and the Indian Ocean is considered to drive the Throughflow. This estimate 

crucially depends on the width and depth of the downstream buoyant pool formed in 

the North Australian Basin as well as on the reference temperature and salinity used 

in the calculation. In terms of volume transport, the actual magnitude of the ITF and 

the annual variation still remains controversial, despite many efforts in recent years 

to measure it. The numerical value of the ITF volume transport ranges from near zero 

to 30.0 Sv (Siedler et al, 2001) depending on the method, location, time and data 

used in calculating it.

The early theoretical work of Wyrtki (1987) and Clarke and Liu (1994) hinted at a 

relationship between the ITF and the ENSO, and suggested that the volume transport 

of the ITF would be reduced (enhanced) during El Niño (La Niña) events. The 

hypothesis was based on the change in the Pacific trade winds during ENSO events 

and the associated responses of Pacific and Indian Ocean sea level and the ITF. Other 

work (Meyer, 1996) showed that the depth integrated transport from Australia to 

Java, computed from observational data (temperature and salinity) was enhanced 

during the La Niña event of 1988/1989 and reduced during the El Niño of the early 

1990s. However in more recent studies (England and Huang, 2005; Sprintall et al, 

2004) a major part of the inter-annual variation in the ITF appears to be independent 

of ENSO, and there are several years in which the ITF transport does not appear to 

match ENSO variation.

The existing theories and research on the ITF therefore still leave the unanswered 

question of how to approach the Throughflow dynamics in order to predict the
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volume transport magnitude and variability, the relationship between ITF and the 

ENSO events? Therefore being able to use numerical ocean models to predicting 

currents and understand water mass transport in the region is important.

The first aim of this research project was to establish a numerical ocean model of the 

Southeast Asia region which would enable prediction of flow and transport on 

seasonal and inter-annual time scales. To achieve this aim the high-resolution 

Proudman Oceanographic Laboratory Circulation Ocean Model System 

(POLCOMS) model and the Miami Isopycnal Circulation Ocean Model (MICOM) 

were tailored to the geography of S.E. Asia. The models were driven by using 

realistic wind stress and other surface forcing in order to investigate the changing 

currents and water mass structure under different climatic conditions. A sensitivity 

test was also carried out to explore the sensitivity of the ITF to changes in forcing 

(strength of wind and variability in time) resulting from climate change. The second 

aim of the study (the main goal) was to conduct model experiments to address the 

questions: What are the main driving forces of the ITF? What is the magnitude and 

variability of the ITF? Is there a link between the ITF transport and ENSO, and what 

might happen under idealised global warming scenarios?

In Chapter 2 a review of the general ocean circulations, the Southeast Asian Water 

and its circulation, the Asian monsoon and the ITF and its transport and variability 

are presented. In Chapter 3 the main model equations and parameters are introduced. 

A series of model experiments with the different idealised geometry and wind 

forcing in order to leam about the models, the possible flow regimes, volume 

transports and their responses to changes of forcing and topography are presented in 

Chapter 4. The model experiments using realistic topography and forcing to simulate 

the circulation and volume transport of the throughflow between the Pacific and 

Indian Oceans through the Southeast Asia region are presented in Chapter 5. 

Throughout the model experiments the magnitude and variability of the ITF 

transport, the main driving forces of the ITF and the main characteristics of the ITF 

will be discussed and compared with the observations and other studies where 

possible. In Chapter 6 the model experiments of the ENSO events and the model 

result for the longterm variation of the ITF will be presented. The correlation 

between the ITF transport and ENSO events, and global warming will be described 

in this chapter too. The main conclusions of the study are summarised in Chapter 7.
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C h a p t e r 2

LITERATURE REVIEW

2.1. The General Ocean Circulation

The oceans and their circulation (Figure 2.1) are an important part of the global 

climate system by influencing wind, air temperature and the hydrological cycle (van 

Aken, 2007). However, there is no official or unique definition of the general ocean 

circulation. In text books on geophysical fluid dynamics and physical oceanography 

(Warren and Wunsch 1981; Gill, 1982; Abarbanel and Young, 1987; Pickard and 

Emery, 1990; Pedlosky, 1987, 1996; Knauss, 1997; Tomczak and Godfrey, 2001; 

Siedler et al, 2001) the general circulation of the ocean is the term used to describe 

the movement of waters on large spatial and temporal scales in the ocean basins.

The winds blowing over the ocean’s surface will transfer energy to the upper layer of 

the oceans through friction to produce surface circulation (wind-driven circulation), 

while the deep circulation is driven by the density difference between water-masses 

which is caused by the cooling and sinking of waters in the polar regions 

(thermohaline circulation).

The surface circulation carries the upper warm waters poleward from the tropics 

(except in the South Atlantic, where the flow is to the North Atlantic). Heat is 

disbursed along the way from the waters to the atmosphere. At the high latitudes, the 

water is further cooled during winter, and sinks to the deep ocean. This is especially 

true in the North Atlantic (where the North Atlantic Deep Water is formed) and 

around Antarctica (where the Antarctic Bottom Water is formed). Deep ocean water 

gradually returns to the surface at various places around the globe. Once at the 

surface it joins the return flow to the North Atlantic, and the cycle begins again.
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Variations in the ocean's circulation can lead to variations in heat transport and to 

variations in weather patterns. One important variation in the circulation is the 

change in the equatorial circulation known as El Niño which occurs with an irregular 

period of about 4 years. The period between the appearance of an El Niño event is 

different between different authors such as 2-5 years; 2-7 years; 3-7 years (Open 

University, 2002; NOAA, 2005; WW2010, 1998).

The instrumental observations of ocean currents on a global scale began in 1872, 

during the voyage of HMS Challenger, starting from Portsmouth, England. This 

ocean expedition was to navigate the globe in three and a half years, with 

measurements of the state of the ocean taken at 354 stations (Siedler et al., 2001). 

The most ambitious oceanographic experiment undertaken to date is the World 

Ocean Circulation Experiment (WOCE), 1990-2002 with about 30 nations 

participating. It was a component of the World Climate Research Program (WCRP). 

The aims of the programme were to establish the role of the oceans in the Earth's 

climate and to obtain a baseline dataset against which future change could be 

assessed. Besides the observational programme, using ships for employing moored 

and drifting instrumentation to make physical and chemical observations, and 

observations from satellites, a number of sophisticated numerical ocean models were 

also developed to provide a framework for the interpretation of the observations and 

for the prediction of the future ocean state. On the completion of WOCE other large- 

scale projects which involve the ocean and climate are being actively pursued. 

Among them are: CLIVAR - a Global Study of the Earth's Climate Variability and 

Predictability; GODAE - the Global Ocean Data Assimilation Experiment; and 

ARGO - a global array of temperature/salinity profiling floats (Sparrow et al., 2005). 

The ARGO array is part of the Global Climate Observing System/Global Ocean 

Observing System GCOS/ GOOS). Up to the present (21 June, 2007) there are 2856 

floats which have been deployed over the global ocean (Figure 2.2)

2.1.1. Wind-driven circulation

The wind-driven circulation is principally concentrated in the upper few hundred 

metres of the ocean and therefore is principally a horizontal circulation in contrast to 

the thermohaline one (Pickard and Emery, 1990) that will be mentioned in the next 

section.
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Figure 2.2: The positions o f the Argo’s floats on 21 June 2007 (Argo, 2007).

In texts on physical oceanography the mechanism of the wind driven circulation is 

widely accepted as the mechanism by which wind (caused ultimately by the solar 

energy) blowing over the sea surface transfers its energy to surface water to cause the 

surface layer to move horizontally (the main gyre circulations of the oceans are 

formed as consequence) and this motion in coupling with water friction will in turn 

cause the deeper layers to move (vertical effect).

The very first of a remarkable series of studies (Table 2.1) conducted during the first 

half of the twentieth century that led to an understanding of how winds drive the 

ocean’s circulation, as stated by Stewart (2006), were the works of Fridtjof Nansen 

and Vagn Walfrid Ekman. However the theory for wind-driven, geostrophic currents 

was first outlined in a series of papers by Sverdrup (1947), Stommel (1948), and 

Munk (1950) (Abarbanel, 1987; Stewart, 2006). Sverdrup showed that the curl of the 

wind stress (0v= curlx) drives water masses equator-ward in the sub-tropical and 

pole-ward in the sub-polar areas, and that this can be used to calculate currents in the 

ocean away from western boundary currents. Stommel showed that western 

boundary currents are required for flow to circulate around an ocean basin when the 

Coriolis parameter varies with latitude. Finally, Munk showed how to combine the 

two solutions to calculate the wind-driven geostrophic circulation in an ocean basin. 

In all cases, the current is driven by the curl of the wind stress (Stewart, 2006).
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Table 2.1: Contributions to the Theory o f the Wind-Driven Circulation (Stewart, 2006)

Fridtjof Nansen 1898 Qualitative theory, currents transport water at an angle to 
the wind

Vagn Walfrid Ekman 1902 Quantitative theory for wind-driven transport at the sea 
surface

Harald Sverdrup 1947 Theory for wind-driven circulation in the eastern Pacific

Henry Stommel 1948 Theory for westward intensification of wind-driven 
circulation (western boundary currents).

Walter Munk 1950 Quantitative theory for main features of the wind-driven 
circulation

Kirk Bryan 1963 Numerical models of the oceanic circulation

Bert Semtner and 
Robert Chervin

1988 Global, eddy-resolving, realistic model of the ocean’s 
circulation

The western boundary currents, equatorial current systems, anticyclonic subtropical 
*

gyres, cyclonic subpolar gyres and circumpolar current systems are typical currents 

of the wind-driven system. Figure 2.3 is an illustration of the global surface wind- 

driven circulation.

60

40"

20 ’

0’
20"

40’

60’

KuiMhloCumuli
NûlthEquufOfi*

"  CüH*nt
^Eotwlwial C ow lScjunnf 

South f
^ C tifw l

Aflu*,« Indian Ocean 4
, W1* W* 1 Ainil alia

Coitflrit 4

Kamchatka
C u ren t

Alaska 
a Current

ICut rôtit

LâbackM
C uieni

Eael
Oi eartend

C unen!
4

ß Nûr«ôQta#i
- Cut oit

Cyaihö 
Ci « rant

North Pacific 
, Ocean

Mot Ik FmiHc Curent

Not friAtonte /
Curan!

CuJÍIo*nu 
K timan!

Gull 
' Sirwm

Mort» EquAiarM Ciment

^  teuhiut Couituyer«̂  -

8ou* f gufltorul Ctarent/
South Pacific Ocean

Eaçrt Ans Irrita 
Outrer!

Anta te tk  C íroim potm  C u te n !

North t
o »«nij Atlantic ié»?.

Ocean r
^  Noifrr EquMorlel 1 

Curent

y 'oi3SSÙ, SS»
Sou Ih Equate* **i 

C uiant

Pto»u
Current

ß
Braí!CUf*eN

Qenqueta 
Cu h ent

South
Atlantic
Ocean

FaH fardCunen t

40 60' 80' 100
O 20D9 Amrtcan IMnialogical SacHty

120' 140° 160’  180’  160’ 140' 120’  100' 80' 60 40 20

4

Figure 2.3: The global surface wind-driven circulation. 
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2.1.2. The thermohaline circulation
2.1.2.1. Definition and mechanism of the THC

The term thermohaline circulation (THC) is often used in climatological and 

oceanographic publications to describe the deep circulation in the ocean basins. 

However the definition of THC is not unique, many terms have been used to describe 

the circulation. Pickard and Emery (1990) defined THC as the movement of waters 

that takes place when its density is changed by a change of temperature or of salinity 

in a suitable part of its bulk. Wunsch (2002), before defining the deep circulation as 

the circulation of mass, listed from the literature seven different, sometimes 

inconsistent and incomplete definitions of the concept of the global THC as 

following: 1-The circulation of mass, heat, and salt; 2-The abyssal circulation; 3- 

The meridional overturning circulation o f mass; 4-The global conveyor, that is, the 

diffusely defined gross property movements in the ocean that together carry heat and 

moisture from low to high latitudes; 5-The circulation driven by surface buoyancy 

forcing; 6-The circulation driven by density and/or pressure differences in the deep 

ocean; 7-The net export, by the North Atlantic, o f a chemical substance such as the 

element protactinium. Stewart (2006) gave four definitions of THC such as 1- 

Abyssal circulation; 2-Thermohaline circulation; 3-Meridional overturning 

circulation; and 4-Global conveyor. Therefore THC seems to be the most widely 

used but the concept has not been clearly defined, and the term is widely misused 

(Wunsch, 2002; Stewart, 2006).

Despite many different definitions of the THC having been given as mentioned 

above, the mechanism by which the THC is formed is widely agreed. The THC starts 

from high latitude North Atlantic and Southern Ocean where intense ocean heat loss 

to the atmosphere combined with salt rejection from the formation of sea ice 

produces cold, dense surface waters (Siedler et al., 2001) which are convectively 

unstable (Wunsch, 2002). When these waters become dense enough they sink down 

to form the deep and bottom waters. These waters then spread out to fill up the deep 

global ocean. As a consequence of mass conservation the surface waters from low 

latitude will then flow poleward into these regions to replace this spreading deep

water.
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Wallace Broecker in order to make an illustration for an article about the Younger 

Dryas event that was published in the November 1987 issue of Natural History has 

expressed the global THC by the simplified diagram named ‘The great ocean 

conveyor’ (Figure 2.4) (Broecker, 1991). This diagram is not intend to be a realistic 

picture of warm and cold currents (even wrongly interpreted sometimes), but is a 

representation of the overall effect of warm and cold currents on the vertical 

circulation within ocean (Open University, 2002). As mentioned by Siedler et al., 

(2001) although this diagram oversimplifies a complex but vital component of the 

climate system it still has captured the public’s and politicians’ imagination.

2.1.2.2. Some important aspects of the THC

Stewart (2006) suggested that the THC carries heat, salinity, oxygen, CO2, and other 

properties from high latitudes (in winter) to lower latitudes throughout the world. 

This has very important consequences such as:

- The contrast between the cold-deep water and the warm-surface waters 

determines the stratification of the ocean which strongly influences ocean 

dynamics.

- The volume of deep water is far larger than the volume of surface water. 

Therefore although currents in the deep ocean are relatively weak, they have 

transports comparable to the surface transports.

- The fluxes of heat and other variables carried by the deep circulation influences 

the Earth’s heat budget and climate. The fluxes vary from decades to centuries to 

millennia, and this variability is thought to modulate climate over such time 

intervals. The ocean may be the primary cause of variability over times ranging 

from years to decades, and it may have helped modulate ice-age climate.

Two aspects of the THC are especially important for understanding the Earth’s 

climate and its possible response to increased carbon dioxide CO2 in the atmosphere: 

i) the ability of cold water to store CO2 absorbed from the atmosphere, and ii) the 

ability of deep currents to modulate the heat transported from the tropics to high 

latitudes (Stewart, 2006).
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Figure 2.4: The global thermohaline circulation proposed by Wallace Broecker
(ACIA, 2007).

2.1.3 Circulation system in the Pacific Ocean
2.1.3.1. Western boundary currents

Western boundary currents (poleward are warm and equatorward are cold) are deep- 

reaching, narrow, and fast flowing surface currents that occur on the west side of the 

ocean basins. All western boundary currents have a number of features in common: 

They flow as swift narrow streams along the western continent of ocean basins; They 

are the deepest-reaching ocean surface flows, extending up to 1000 metres below the 

ocean surface (PhysicalGeography.net, 2007), well below the thermocline; they 

separate at some point and continue into the open ocean as narrow jets, developing 

instabilities along their paths. These features result from general hydrodynamic 

principles and reflect the balance of forces in the western boundary regions of the 

subtropical and subpolar gyres. Additional characteristics are imposed by the 

topography that gives each boundary current its own individuality (Tomczak and 

Godfrey, 2001).

The well-known western boundary current in the Pacific Ocean is the Kuroshio 

Current, also called the Japan Current (Figure 2.5). It is the second strongest western 

boundary current in the world after the Gulf Stream and is famous for being strong 

and fast flowing. The Kuroshio Current is part of a large, warm current circulating in 

the North Pacific Ocean. The current begins where the North Equatorial Current 

approaches the Philippines and continues northward east of Taiwan. It crosses the
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ridge that connects Taiwan with the Okinawa Islands and Kyushu and continues 

along the continental rise east of the East China Sea. The current separates into two 

branches near 30°N: the Tsushima branch (east of Kyushu) and the South of Kyushu 

branch. The South of Kyushu branch passes through Tokara Strait and comes along 

the continental rise of Japan to the Izu Ridge (south of Honshu). After passing the 

ridge the current reaches to the separation point (near 35°N) where it leaves the 

Japanese coast to define the transition from the Kuroshio proper current into the 

Kuroshio Extension which basically is a strong eastward jet flow. The Kuroshio 

Extension continues into open water as a free inertial jet before ending up near 170°E 

(Pickard and Emery, 1990; Tomczak and Godfrey, 2001). During its pathway as the 

consequence of the injection of a strong jet into the relatively open water 

environment (the Pacific Ocean) the current becomes strongly unstable. Such jets 

create instabilities along their paths which develope into eddies or rings. Therefore 

the Kuroshio Extension also stands out as one of the regions with very high eddy 

energy (Tomczak and Godfrey, 2001).

As with other western boundary currents, the volume transport of the Kuroshio 

Current system increases along its path (Tomczak and Godfrey, 2001). The volume 

transport of the Kuroshio Current itself is about 40Sv (Pickard and Emery, 1990) and 

of the Kuroshio Extension varies between 57Sv (Tomczak and Godfrey, 2001) to 65 

Sv (Pickard and Emery, 1990).

Figure 2.5: The Kuroshio Current. Adapted from Kawai (1972) and Mizuno and 
White (1983) (source: Tomczak and Godfrey, 2001).
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2.1.3.2. The equatorial current system

The Pacific equatorial current system is recognised to include at least four major 

currents, three of which extend to the surface and one of which is below the surface. 

The three major upper-layer currents are the westward-flowing North Equatorial 

Current (NEC) between about 20°N to 8°N, the westward-flowing South Equatorial 

Current (SEC) from about 3°N to 10°S, and the narrower North Equatorial Counter 

Current (NECC) flowing to the east between them, and the fourth current is the 

Equatorial Undercurrent (EUC) (Pickard and Emery, 1990). In addition to above 

four major current are the weak, eastward surface South Equatorial Counter Current 

(SECC) and the weak westward-flowing Equatorial Intermediate Current (EIC) 

(Tomczak and Godfrey, 2001).

The major westward components of the equatorial current system (the NEC and the 

SEC) are directly wind-driven and respond quickly to variations in the wind field. 

They are therefore strongly seasonal and reach their greatest strength during the 

winter of their respective hemispheres when the trade wind is strongest. The NEC 

carries about 45 Sv with speeds of 0.3 m/s or less; it is strongest in February. The 

SEC is strongest in August when it reaches speeds of 0.6 m/s. Its transport at the 

longitude of Hawaii (155°W) is then about 27 Sv; this decreases to 7 Sv in February 

(Tomczak and Godfrey, 2001).

The EUC is a swift flowing ribbon of water extending over a distance of about 

14,000 km along the Equator with a thickness of only 200 m and a width of at most 

400 km (Tomczak and Godfrey, 2001; Stewart, 2006). The current core is found at 

200 m depth in the west, rises to 40 m or less in the east and shows typical speeds of 

up to 1.5 m/s. Surface flow above the EUC is usually to the west, and the EUC does 

not appear in reports of ship drift. Although it is the swiftest of all equatorial currents 

its existence remained unknown to oceanographers until 1952 when it was 

discovered by Townsend Cromwell and Ray Montgomery (Tomczak and Godfrey, 

2001; Stewart, 2006).

The second most important eastward flow in the equatorial current system is the 

NECC. It is prominent in the integrated flow which shows it being fed by western 

boundary currents both from the south and the north. In its formation region the
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NECC participates in the Mindanao Eddy. At its other end it turns north on 

approaching the central American shelf, creating cyclonic flow close to the continent. 

The NECC varies seasonally in strength and position. During February - April when 

the Northwest Monsoon prevents the South Equatorial Current from feeding the 

NECC it is fed only from the north. It is then restricted to 4-6°N with a volume 

transport of 15 Sv and maximum speeds below 0.2 m/s; east of 110°W it disappears 

altogether. During May - January the NECC is then fed from both hemispheres and 

flows between 5°N and 10°N with surface speeds of 0.4 - 0.6 m/s (Tomczak and 

Godfrey, 2001).

2.1.3.3. El Niño/Southem Oscillation (ENSO) and La Niña

One important phenomenon that could not avoid being mentioned when discussing 

the Pacific Ocean is El Niño, an abnormal warming of the surface ocean waters in 

the eastern tropical Pacific, which is one part of the Southern Oscillation.

Originally, the name El Niño meaning the ‘Christ Child’ or ‘The Boy’ (Open 

University, 2002) was coined in the late 1800s by fishermen along the coast of Peru 

to refer to a seasonal invasion of warm southward ocean current that displaced the 

north-flowing cold current in which they normally fished; typically this would 

happen around Christmas. Today, the term no longer refers to the local seasonal 

current shift but to part of a phenomenon known as El Niño-Southem Oscillation 

(ENSO), a continual but irregular cycle of shifts in ocean and atmospheric conditions 

that affect the globe. Its counterpart-effects associated with colder-than-usual sea 

surface temperatures in the region-was labelled "La Niña" (or "little girl") as 

recently as 1985 (NAS, 2000).

As described by the Open University (2002); NOAA (2007); TAO (2007) El Niño 

events are perturbations or disruption of the ocean-atmosphere system resulting from 

interaction between the surface layers of the ocean and the overlying atmosphere in 

the tropical Pacific. It is the internal dynamics of the coupled ocean-atmosphere 

system that determine the onset and termination of El Niño events. The physical 

processes are complicated, but they involve unstable air-sea interaction and planetary 

scale oceanic waves. Up to now it is not yet known whether the perturbations 

originate in the atmosphere or the ocean (Open University, 2002) or in other words
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we do not know why El Niño events begin (TAO, 2007). The most obvious sign that 

an El Nino event is underway is the appearance of unusually warm surface water off 

the coast of Ecuador and Peru, occurring irregularly, approximately every two to 

seven years (Open University, 2002; NOAA, 2005) within a few months of 

Christmas (Open University, 2002).

El Niño has important consequences for weather and climate around the globe. 

Among these consequences is increasing rainfall across the southern tier of the 

United States and in Peru, which has caused destructive flooding, and drought in the 

West Pacific, sometimes associated with devastating bush fires in Australia. 

Observations of conditions in the tropical Pacific are considered essential for the 

prediction of short term (a few months to 1 year) climate variations (TAO, 2007).

La Niña is sometimes called El Viejo (the old one), anti-El Niño, or simply "a cold 

event" or "a cold episode". It is characterized by unusually cold ocean temperatures 

in the Equatorial Pacific, compared to El Niño, which is characterized by unusually 

warm ocean temperatures in the Equatorial Pacific. La Niña occurs almost as often as 

El Niño, but has been lesser known. The impacts of La Niña to the global climate 

tend to be opposite to those of El Niño impacts (TAO, 2007).

To provide necessary data for improving detection, understanding and prediction of 

El Niño and La Niña, NOAA operates a network of buoys which measure 

temperature, currents and winds in the equatorial band. The TAO (the Tropical 

Atmosphere Ocean project) array (which took 10 years to build from 1984 to 1994, 

has been functioning since 1994, and was renamed as the TAO/TRITON array on 1 

January 2000) consists of approximately 70 moorings in the Tropical Pacific Ocean, 

telemetering oceanographic and meteorological data to shore in real-time via the 

Argos satellite system. These daily real-time data and graphic displays from the 

TAO/TRITON array are freely available to the research community, operational 

forecasting community, and the general public (TAO, 2007).

Figure 2.6 below shows the mean and anomalies of sea surface temperature from 

1986 to present, showing El Niño events 1986-1987, 1991-1992, 1993, 1994 and 

1997 and La Niña events in 1985 and 1995
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Figure 2.6: Recent El Niño & La Niña events (mean and anomalies o f sea surface
température) (TAO, 2007).

2.1.4 Circulation system in the Indian Ocean

Jun 24 ZQQ7

In comparison with others the Indian Ocean is the smallest of all oceans (Tomczak 

and Godfrey, 2001). The circulation and transport of heat in the Indian Ocean is 

unique because the Asian landmass blocks the ocean in the north so currents cannot 

carry tropical heat to a higher northern latitude as in the Atlantic and Pacific Oceans. 

Otherwise, the Indian Ocean receives extra heat from Pacific Ocean through 

Indonesian throughflow. The other difference is the seasonal reversal of the monsoon 

winds and its effects on the ocean currents in the northern hemisphere to make the 

surface currents change seasonally in response to the monsoon. Figure 2.7 shows a 

summary of the monsoon system and the major currents that develop in response to 

the wind in the Indian Ocean. The surface current system in the Indian Ocean is 

illustrated in the Figure 2.8.
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(source: Tomczak and Godfrey, 2001)

2.1.4.1. The western boundary current system

In the Indian Ocean the western boundary current system includes four main 

currents. The two major ones are the Somali Current (SC) and the Agulhas current, 

and the other two are the Mozambique and East Madagascar currents on a smaller 

scale (Open University, 2002). These western boundary currents begin east of
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Madagascar, where the South Equatorial Current separates into the northern and 

southern branches. The southern branch feeds the East Madagascar Current. The 

contribution of the northern branch to the circulation in the southern hemisphere is 

the Mozambique Current which is maintained throughout the year, and the 

contribution to the circulation in the northern hemisphere ceases during the Northeast 

Monsoon season (Tomczak and Godfrey, 2001).

The most spectacular seasonal change is the reversal of the Somali Current (SC). It 

first occurs in early December near the Equator and expands rapidly north in January 

with velocities of 0.7-1.0 m/s. During the Northeast Monsoon the current flows to the 

southwest but for the rest of the year it flows to the northeast. The surface flow 

reverses in April, during the inter-monsoon period. During the Southwest Monsoon, 

the SC develops into an intense jet with extreme velocities of 2.0 m/s for mid-May 

and 3.5 m/s and more for June (observed during the Indian Ocean Experiment - 

INDEX, 1976-1979). During the southwest monsoon it becomes a major western 

boundary current with volume transport of the upper 200m reaching 60Sv (Open 

University, 2002).

The Agulhas Current is formed from the Mozambique current and east Madagascar 

current, although the contribution of the Mozambique Current is comparatively small 

(Tomczak and Godfrey, 2001). The Agulhas current flows poleward along the coast 

of Africa to the tip of South Africa to form a feature known as the “Agulhas 

retroflection” which is source of “Ring-like” eddies. Most of the eddies are injected 

into the Benguela current and are carried away north-westward into the Atlantic 

Ocean (Open University, 2002).

2.1.4.2. The equatorial current system

The evolution of surface currents in the Indian Ocean through the seasons is shown 

in Figure 2.9. During the northeast monsoon there is a westward-flowing North 

Equatorial Current from 8°N to the Equator (Pickard and Emery, 1990). The Current 

is prominent in January and March when the Northeast Monsoon is fully established. 

It runs as a narrow current of about 0.3 m/s from Malacca Strait to southern Sri 

Lanka, where it bends southward and accelerates to reach 0.5 - 0.8 m/s between 2°S
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and 5°N in the region between 60°E and 75°E (Tomczak and Godfrey, 2001). The 

South Equatorial Current occupies the region south of 8°S to between 15 and 20°S 

(Pickard and Emery, 1990) with velocities rarely exceeding 0.3 m/s. Between these 

westward flows is the eastward-flowing Equatorial Countercurrent from the Equator 

to 8°S (Pickard and Emery, 1990) with 0.5 - 0.8 m/s in the west but getting weaker in 

the east; in January it does not reach beyond 70°E, being opposed in the east by weak 

westward flow (Figure 2.9a) (Tomczak and Godfrey, 2001).

The transition from Northeast to Southwest Monsoon (from early April until late 

June) is characterized by the intense Indian Equatorial Jet (Figure 2.9c; Figure 

2.10a), first described by Wyrtki (1973), with velocities of 0.7 m/s or more. It is 

possible that in any particular year the jet appears within the three-month window 

April - June as a feature of shorter (one month) duration with higher peak velocities. 

The jet converges at the Equator, away from the Equator the current speed falls off to 

less than 0.2 m/s at 3°S or 3°N (Tomczak and Godfrey, 2001).

During the southwest monsoon the flow north of the Equator is reversed. When the 

Southwest Monsoon is fully established during July and September the entire region 

north of 5°S (Tomczak and Godfrey, 2001) or 7°S (Pickard and Emery, 1990) is 

dominated by the eastward-flowing Southwest Monsoon Current. Velocities in the 

Southwest Monsoon Current are generally close to 0.2 - 0.3 m/s, but the acceleration 

in velocity from 0.5-1.0 m/s occurs south and southeast of Sri Lanka. The South 

Equatorial Current expands slightly towards the north, reaching 6°S (Tomczak and 

Godfrey, 2001) in September. The SEC continues to the west south of 7°S but is 

stronger than during the north-east monsoon (Tomczak and Godfrey, 2001).

The transition before the onset of the Northeast Monsoon (Figure 2.9e; Figure 2.10b) 

is again characterized by the Equatorial Jet. Concentrating all eastward flow in a 600 

km wide band along the Equator it reaches its peak in November with velocities of 

1.0-1.3 m/s and disappears in early January, when the annual cycle is repeated 

(Tomczak and Godfrey, 2001).
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F igure 2 .9: Surface curren ts in the northern Indian O cean a s d e r ived  fro m  ship drift 
data. A d a p ted  fro m  C u tler an d  S w allow  (1984).

(source: Tom czak an d  G odfrey, 2001).

The Equatorial undercurrent is found in the thermocline during the north-east 

monsoon period. It is weaker than those in the Pacific Ocean and Atlantic Ocean 

(Pickard and Godfrey, 1990). The first direct observations of the undercurrent were 

made during the International Indian Ocean Expedition (1959-1965). At that time it 

was seen to be an ocean-wide feature, but later observations showed that this may not 

have been typical. In general, in the Indian Ocean, the undercurrent seems to be a 

stronger, more long-live flow in the western part of the ocean than in the central or 

eastern parts. The undercurrent is usually associated with the persistent trade winds 

from the east. This westward stress at the surface, and corresponding elevation of the
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sea surface in the west creates a zonal pressure gradient between the boundaries. In 

the Indian Ocean such a zonal pressure gradient (similar to those in the Pacific or the 

Atlantic), can only be established during the northeast monsoon. Thus, the presence 

of the undercurrent is related to the seasonal change of wind stress. In the southwest 

monsoon with the general flow to the east at the Equator the undercurrent finally 

disappears (Pickard and Godfrey, 1990; Tomczak and Godfrey, 2001).

2.1.4.3. The eastern boundary current

The well-known eastern boundary current in the Indian Ocean, along the western 

Australian coast, is known as the Leeuwin Current. However the dynamics of the 

Leeuwin Current are very unusual. It is a warm ocean current that flows strongly 

southwards along the Western Australian coast, before turning eastwards at Cape 

Leeuwin and continuing into the Great Australian Bight where its influence extends 

as far as Tasmania.

The strength of the Leeuwin Current varies through the year, with the weakest 

southwards flow occurring from November to March when the winds tend to blow 

strongly northwards. The time of greatest flow is in the autumn and winter when the 

opposing winds are weakest. The current frequently breaks out to sea, forming both 

clockwise and anti-clockwise eddies. Typical current speeds in the Leeuwin Current 

and its eddies are about 0.5 m/s, although speeds of 1 m/s are common. The annual 

mean transport of the Leeuwin Current is estimated at 5 Sv (Tomczak and Godfrey, 

2001).

The Leeuwin Current is about 300 m deep and beneath it is a northwards 

countercurrent called the Leeuwin Undercurrent. The ‘core’ of the Leeuwin Current 

can generally be detected as a peak in the surface temperature with a strong 

temperature decrease further offshore. The surface temperature difference across the 

Current is about IK at North West Cape, 2-3K at Fremantle and can be over 4K off 

Albany in the Great Australian Bight (CSIRO, 2001).

The Leeuwin Current is also known to be influenced by El Niño conditions, with 

slightly lower sea levels along the Western Australian coast and a weaker Leeuwin 

Current (CSIRO, 2001).
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F igure 2 .10: The equ a toria l j e t  in the Indian O cean  in the transition  p e r io d  
(M ay a n d  O ctober) (W yrtki, 1973).

2.2. The Southeast Asian waters

2.2.1 Definition and configuration of the Southeast Asian waters

The Southeast Asian region consists of the waters and highly fragmented land and 

islands lying in between Asia and Australia, and between the Pacific and the Indian 

Oceans. Physically, the region is divided into the continental part of mainland Asia, 

which consists of Myanmar, Thailand, Laos, Cambodia and Vietnam; and the rest of 

the region, regarded as the archipelago of South-East Asia including the Malaysian 

peninsular, Java, Sumatra, Borneo, Timor and the Philippines (Figure 2.11).

In oceanographic terms, the S.E. Asian waters are part of the Pacific Ocean, and are 

separated from the Indian Ocean by the islands of Sumatra, Java and the Lesser 

Sunda. As described by Wyrtki [1961] “The South E a st A sian  w a ters  con sist o f  the 

South China Sea, the Java  sea, the Sulu sea, the P h ilipp ine waters, the C elebes sea, 

the B an da sea, the F lores sea, the A rafura sea, the T im or sea, a n d  the A ndam an sea. 

The w hole region  com prises an area  o f  8 .9 4  m illion  square k ilom etres which is 2 .5  

p e rce n t o f  the surface o f  a ll o c e a n s”
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In the SE Asian wasters, practically all types of topographical features are to be 

found such as shelves, deep sea basin, troughs, trenches, sills, and continental slope 

of various shapes, volcanic and coral islands (Wyrtki, 1961).
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2.2.2. Water circulation in the region

Wyrtki (1961) constructed the surface current charts for the region based on the 

available current atlases of the U.S Navy Hydrographic Office (1944, 1950), 

Netherlands Meteorological Institute (1936, 1949, 1952), U.S. Weather Bureau 

(1938), etc. In his works the region has been divided into three main parts as 

following: the North-eastern Indian Ocean, the Western North Pacific Ocean and the 

Southeast Asian Waters. In the framework of this research project we put most of the 

attention in the circulation in the Southeast Asian Waters.

2.2.2.1. Surface current of the Southeast Asian Waters

2.2.2.1.1. The South China Sea

The South China Sea (SCS), located between the Asian landmass to the north and 

west, the Philippine Islands to the east, Borneo to the southeast, and Sumatra to the 

south, is the largest marginal sea in the Southeast Asian Waters. It connects in the 

south with the Sulu and Java Seas through a number of shallow passages and in the 

north with the Pacific Ocean through the deep Luzon Strait. The circulation in the 

SCS is mainly driven by the Asian monsoons (north-easterly in winter and south

westerly in summer), the Kuroshio intrusion and surface heat flux (Wyrtki, 1961, 

Bogdanov and Moroz, 1995, Wu, 1998; Fang, 1998; Qu, 2000; Wang G. et al, 2003; 

Wang H. et al, 2004; Gan et al, 2006).

The early studies on the SCS’s circulation were mostly based on the observational 

drift current data. Dale (1956) presented monthly schematic surface current charts for 

the SCS. Though the data used were very old, the basic patterns do not differ from 

the recently published atlas (Fang, 1998). Wyrtki (1961) made a comprehensive 

study of the physical oceanography of Southeast Asian Waters. He presented 

bimonthly charts for surface currents and volume transports (Plates 1 to 6 - 

Appendix). The circulation pattern in the SCS has recently attracted many 

oceanographers' interest (Shaw and Chao, 1994; Chao, 1996, Metzger and Hurlburt, 

1996; Wu, 1998; Fang, 1998; Chu, 1999; Qu, 2000; Wang G. et al, 2003; Wang H. et 

al, 2004, Fang, 2005; Gan et al, 2006; etc.), and a number of new findings and 

concepts have been presented.
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Fang (1998) reviewed the studies (both observational and models) on the SCS Upper 

Ocean Circulation to propose a schematic diagram (Figure 2.12) of the SCS 

circulation pattern in both winter and summer. In the Fang‘s diagram the main SCS 

circulation patterns in summer (winter) from north to south is presented as follows: 

the SCS north-eastward (south-westward) coastal current, the SCS warm current, the 

Dongsha current, the Luzon cold ring, the south eastern Dongsha cyclone, the 

southern SCS anticyclonic gyre (cyclonic gyre) (Wang et al, 2003).

In general, on a seasonal time scale, the surface circulation of the SCS is cyclonic in 

winter and anticyclonic in summer. In winter, when the Northeast Monsoon is fully 

developed over the SCS, the northern part of the SCS is intruded by Kuroshio 

Current through Luzon strait (Dale, 1956; Wyrtki, 1961). The current is southward 

along the continental margin from China to southern Vietnam (Shaw and Chao, 

1994). During this season most of the southern SCS is occupied by the SCS Southern 

Cyclonic Gyre. A weaker anti-cyclonic gyre may exist near the main gyre, then along 

the border of these two gyres there exists a strong upwind current called the Natuna 

Off-Shelf Current flowing north-eastward (Fang, 1998). In summer, when the 

monsoon reverses its direction the southern part of the SCS is occupied by the SCS 

Southern Anti-Cyclonic Gyre (Fang, 1998), while in the north the current reverses its 

direction from south-westward to north-eastward (Dale, 1956; Wyrtki, 1961).

In both seasons, the western edge of the main gyres in the SCS intensify along the 

western boundary of the basin called the Southeast Vietnam Off-Shore Current and 

located at latitude of about 11° N. In winter, this current follows the western 

boundary throughout with velocity often exceeding 100cm/s (Wyrtki, 1961), but in 

summer the northward boundary current separates it from the coast east of central 

Vietnam between 11°N to 14°N (Wyrtki, 1961; Shaw and Chao, 1994).

The circulation in the central SCS is also governed by monsoon winds and the 

interaction between the circulation systems in northern and southern SCS. However 

the basic features of the circulation in the central SCS are not yet well understood, 

though some results based on dynamic calculation and numerical simulation have 

been presented (Fang, 1998).
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F igure 2.12. Schem atic  d iagram s o f  the South China Sea circu la tion  p a tte rn s  in (a) 
w inter; (b) sum m er. 1. K u rosh io  current, 2. loop  current, 3. SC S branch o f  K u rosh io  
o r  D on gsh a current, 4. N W  Luzon cyclon ic  gyre, 5. N W  Luzon cyclon ic  eddy, 6. N W  
Luzon co a sta l current, 7. SC S w arm  current, 8. G uangdong co a sta l current, 9. SC S  
southern cyclon ic  gyres, 10. N atuna o jf-sh elf current, 11. SC S southern an ticyclon ic  
gyre, 12. SE  Vietnam  offshore current. A. Taiwan Island, B. B ashi Channel, C. 
D on gsh a  A rch ipelago , D. S pra tly  A rch ipe lago  (F ang e t a i ,  1998).

2.2.2.1.2. The Java Sea

The Java Sea is essentially smaller than the SCS, and the current may occupy its full 

width without development of larger eddies and counter current (Wyrtki, 1961). The 

circulation and hydrography are determined by the annual cycle of monsoon winds, 

with currents flowing westward from June to August and eastward during the rest of 

the year (Tomczak and Godfrey, 2001) or slightly differently as urged by Wyrtki 

(1961) westward from May to September and eastward from November to March.

In the transition time (April and October) the direction of the flow changes and 

eddies occur. Normally in these months a current towards the east prevails off the 

coast of Java and a current towards the west off the coast of Borneo (Wyrtki, 1961).

In the small passages between Borneo and Sumatra in the Karimata and Gaspar 

straits, when the winds are fresh the velocity of the currents reach often lOOcm/s, 

especially during the full north monsoon (Wyrtki, 1961).
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2.2.2.1.3. The Makassar Strait

As described by Wyrtki (1961) the flow in the Makassar Strait is directed to the 

south during the whole year and the velocities are normally small with minimal 

velocities appearing in December/January and May. The strongest current occurs in 

February and March and from July to September. The water masses leaving the strait 

in the south flow during the southeast monsoon into the Java Sea and during the 

northeast monsoon into the Flores Sea.

The current mooring results of the INSTANT (2003-2006) and ARLINDO (1993

1994; 1996-1998; 1998-2007) projects are the main recent research on currents in the 

region. Figure 2.13 show a time series of velocity of current mooring at the Makassar 

Strait from 1996 to 1998 of the ARLINDO project.

Velocity at Ariindo mooring Makassar 1 (LLP data)
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2.2.2.1.4. The Flores Sea

Over the Flores Sea west wind prevails from December to March and southeast wind 

in other months. Therefore from December to March a uniform current to the east 

exists, being remarkably intensified along the north coast of the Lesser Sunda Island. 

With the disappearance of the west winds in April, a weak westwards current forms 

under the coast of Celebes, while north of the Lesser Sunda Islands the strong current 

to the east is still present. Even during the full southeast monsoon in July and August 

this coastal current remains, but is considerably weakened. During this period the 

west-going drift current in the north part of the Flores Sea occupies most of its width, 

and in August has velocity of about 75cm/s. With the decrease of the southwest 

monsoon the coastal current north of Lesser Sunda Island is again intensified and in 

October only a weak drift is to be noted south of Celebes (Wyrtki, 1961).

2.2.2.1.5. The Banda Sea

The largest and deepest Sea in the region is the Banda Sea which has depths in 

excess of 4500 m in the southeast (also known as the South Banda Sea) and in the 

northwest (the North Banda Sea), separated by a ridge of less than 3000 m depth; 

largest depths are near 7440 m in the south and 5800 m in the north (Tomczak and 

Godfrey, 2001). The Banda Sea is entered during the northwest monsoon by water 

masses out of the Flores Sea. A part of this water flows north of Burn into the Ceram 

Sea and from there through the Halmahera Sea into the Pacific Ocean. Another part 

moves as a wide drift south of Ceram into the Arafura Sea. At the time of the 

changing of the monsoon in April the currents are so variable, that a general currents 

pattern can not be derived. The coastal current north of the Lesser Sunda Island turns 

east of Timor sharply to the south. During the southeast monsoon water masses out 

of the Pacific Ocean flow through the Halmahera and Ceram Seas at both sides of the 

island Buru into the Banda Sea and pass in a southwest direction into the Flores Sea 

(Wyrtki, 1961).

2.2.2.1.6. The Timor Sea

In the Timor Sea a current to the southwest prevails during the whole year, its axis 

runs close to the coast of Timor. From April to September the current reaches to the 

Australian coast, although its velocity decreases in that direction. From October to
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March a weak current towards the northeast is formed off the Australian coast under 

the influence of winds from the southwest. The Timor Current takes its water from 

October to April out of the current flowing along the north coast of the Lesser Sunda 

Island to the east, which turns around the eastern end of Timor. Only at the time of 

the full development of the southeast monsoon is the Timor Current supplied by 

water out of the upwelling region in the Arafura and eastern Banda Seas (Wyrtki, 

1961).

2.2.2.1.7. The Celebes Sea

The Celebes Sea is wide open to the Pacific Ocean and its currents enter this region. 

A branch of the Mindanao Current flows south of Mindanao southwestwards into the 

Celebes Sea. Its water is deflected to the south and later to the east in the central 

parts of the sea and flows back to the east along the north coast of Celebes. In the 

region northwest of Halmahera this coastal current joints again with the branch of the 

Mindanao Current coming directly from the north between the islands Sangihe and 

Talaut, and it receives water coming out of the Molucca Sea, all forming the root of 

the Counter Current. This system of circulation is maintained during the whole year, 

even though its extension to the west may vary. The current in the Makassar Strait is 

supported from February to September almost exclusively by water from this current 

system. But from October to January, when north winds prevail over the Celebes 

Sea, the eddy in which the Mindanao Current turns back to the east, it displaced to 

the east, and water from the Sulu Sea flows through the western part of the Celebes 

Sea into the Makassar Strait. In the northern part of the Celebes Sea the water 

movements are normally weak and irregular but movements into the Sulu Sea prevail 

from March to July and in the other months movements are towards the southwest 

(Wyrtki, 1961).

2.3. The Asian Monsoon

The Asian monsoon is a special weather phenomenon which plays a key role in 

affecting the livelihood of the Asian and Australian region where more than 60% of 

the world’s population lives. The word “monsoon” is derived from an early Arabic 

word called "Mausin", meaning ‘winds that change seasonally’ (Irwin, 1968; Open 

University, 2002). The distinguishing feature of the monsoon is that it blows one
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direction for part of the year and from the opposite direction in the other part of the 

year. The monsoons were known and used by Arabian, Indian and Chinese traders in 

their trading voyages before the Christian era (Irwin, 1968).

Whilst the seasonal pattern of the monsoon has been known to farmer and sailor 

through thousands of years, it is only in recent years that meteorologists have been 

able to explain why the monsoon occurs. Understanding of the monsoon is now 

possible because scientists have developed instruments which enable them to observe 

what is happening in the atmosphere not only at the earth’s surface but also at heights 

miles above the earth (Irwin, 1968).

2.3.1. What causes the Monsoon?

For centuries, people have tried to understand what causes the Monsoon. Generally 

speaking the monsoon is basically caused by land-sea temperature differences due to 

heating by the solar radiation. The mechanism of the Monsoons could be briefly 

described by as follows:

Because of the inclination or tilting of the earth’s axis, the Sun appears to move 

north and south of the Equator. The Sun is directly overhead at the Equator on 

or about 21 March and 21 September. This is the equinox which literally means 

equal night; that is the day and night are of equal length. On or about 21 

December, the sun’s apparent movement has brought it directly over the Tropic 

of Capricorn. This is the southern hemisphere summer. On or about 21 June, 

the Sun is directly over the Tropic of Cancer and this is the northern 

hemisphere summer. The movement is referred to as the apparent movement of 

the Sun because, in fact, it is the Earth which changes inclination relative to the 

Sun; it is not the Sun which moves (Irwin, 1968).

- In the northern hemisphere winter, when the Sun moves over the southern 

hemisphere, the air over Asian landmass is cooler and denser than air over the 

ocean, and so the surface atmospheric pressure is greater over the continent 

than over the ocean. It creates low temperatures over central Asia. As 

temperature drops, atmospheric pressure rises and an intense high pressure 

system (anticyclone) develops over Siberia. This resulting pressure gradient 

leads to a cold air flowing out of Siberia as a north-westerly wind and turns into
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north-easterly on reaching India and the coastal waters of China before heading 

towards Southeast Asia. This flow of air is the Northeast Monsoon. It flows 

from the Asian landmass crossing the Equator to the south where the air flow is 

turned to the left by the Coriolis force and converges with the south-east trades 

at about 10-20°S (Open University, 2002).

In the northern hemisphere summer, when the Sun moves north over the Asian 

landmass, the land is heated more rapidly than the surrounding seas. The 

intense solar heating leads to scorching temperatures over the Asian landmass. 

As hot air expands and rises upwards, a low-pressure area develops. The south

easterly air-flow originating from the southern Indian Ocean and the 

Indonesian-Australian region transforms into south-westerly on crossing the 

Equator and flow across India, Southeast Asia before converging towards 

Indochina, China and Northwest Pacific to create the Southwest Monsoon.

A monsoon seasonal change is characterized by a variety of physical mechanisms 

which produce strong seasonal winds, a wet summer and a dry winter. All monsoons 

share three basic physical mechanisms: differential heating between the land and 

oceans; Coriolis forces due to the rotation of the Earth; and the role of water which 

stores and releases energy as it changes from liquid to vapour and back (latent heat). 

The combined effect of these three mechanisms produces the monsoon's 

characteristic reversals of high winds and precipitation. Scientists say that the two 

key ingredients needed to make a monsoon are a hot land mass and a cooler ocean.

In India, for instance, the land absorbs heat faster from the Sun than the surrounding 

Indian Ocean does. This causes air masses over the land to heat up, expand, and rise. 

As the air rises, cooler, moister, and heavier air from over the ocean will replace it. 

Over India, this damp, cool layer can be up to three miles (~ 5km) thick. As the cool 

air arrives, the winds also shift. During the dry season, the winds blow offshore, from 

land to sea. Then, as the monsoon begins, the winds blow onshore, from sea to land. 

In the case of the Indian Ocean Monsoon the first and third mechanisms produce 

more intense effects than in any other place in the world.
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2.3.2. The Southeast Asian winter monsoon

In the Southeast Asian region, the north-eastern winter monsoon (Figure 2.14) takes 

place from November to March. The characteristics of the Monsoon are described by 

Wyrtki (1961) as follows: In October the equatorial trough begins to move rapidly 

southwards, and by the middle of the month, lies along a line from the centre of the 

Bay of Bengal to the north coast of New Guinea. North of this line northeast winds 

prevail, south of it still the southeast monsoon. In the Indian Ocean between the 

Equator and 10°N the southwest monsoon has turned so far, that it comes almost 

from the west. In November the equatorial trough runs clearly south of the Equator. 

The northeast monsoon has intensified especially over the China Sea and normally 

exceeds wind force 4. Over the Indian Ocean the system of the southeast monsoon 

has collapsed, and the southeast trades are confined to south of about 5°S. By 

December the equatorial trough moves further to the south and lies at about 5°S. The 

northeast monsoon reaches its maximal force over the China Sea, crosses the Equator 

as a north wind and temporarily reaches Java and the Lesser Sunda Islands. Over the 

Java Sea west winds prevail. The southeast trades of the Indian Ocean have retreated 

further to the south and reach just up to 10°S, and near the Australian northwest 

coast, south winds prevail. In January the north monsoon is fully developed. Over 

Asia a high is formed and the equatorial trough lies just north of Australia. Over the 

whole China Sea and over the Andaman Sea the northeast monsoon blows, and 

continues towards the Pacific Ocean as the northeast trades. In the China Sea wind 

force 5 is often exceeded. The monsoon passes the Equator as a north wind and south 

of it turns to the east, where it appears as the northwest monsoon. The equatorial 

trough lies over the Indian Ocean at about 10°S, south of which the southeast trades 

are found. Off the northwest coast of Australia the trades are deflected and blow 

almost parallel to the coast towards the northeast with only a small force. In 

February the equatorial trough moves northwards and lies over Java and the Lesser 

Sunda Islands. Over the whole region between Java and Australia southwest winds 

now prevail branching off from the southeast trades. North of the Equator conditions 

have not changed, but the strength of the monsoon has decreased. In March the 

southeast trades of the Indian Ocean extend further northwards and eastwards, while 

over the Timor and Arafura Seas northwest winds still prevail. Over the China Sea 

the northeast monsoon has weakened.
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F igure 2 .14: N C E P ’s m onth ly m ean w ind  stress in D ecem b er (W in ter m onsoon). 

2.3.3. The Southeast Asian summer monsoon

The south-western summer monsoon (Figure 2.15), the stronger of the two monsoons 

(Open University, 2002), occurs from May to September. The Southeast Asian 

summer monsoon is described by Wyrtki (1961) as follows: In May, the system of 

the northeast winds over the China Sea and the Philippines collapses, and the south 

monsoon succeeds over the whole of Southeast Asia. South of the Equator the 

southeast monsoon blows, continuing to the Indian Ocean as the southeast trades. At 

the Equator south winds prevail, and north of it the southwest monsoon. In the area 

of the Philippines and of the Celebes Sea the winds are still weak and unsteady. In 

June the distribution changes slightly; the winds become stronger, and reach force 4 

and more over the Arafura Sea, over the Indian Ocean, and especially over the Bay 

of Bengal. In July and August the south monsoon reaches its full development. In 

these months the low over Asia and the high over Australia are strongest and the 

circulation reaches its greatest strength. Over the open sea wind force 4 is often 

exceeded, but over the Indonesian Archipelago and over the Philippines the wind 

remains on the average below force 4. In September over the waters around Formosa 

(once called Taiwan) and Hong Kong the first northeast winds occur, indicating a 

weakening of the Asian low. In the other parts of the region the south monsoon only 

slightly loses strength.
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F igure 2 .15: N C E P ’s m onth ly m ean w ind s tress  in July (Sum m er m onsoon).

2.4. The Indonesian Throughflow

The Indonesian Throughflow (ITF) is an important pathway of the global 

thermohaline circulation. The ITF is the only low latitude tropical current system that 

transfers mass, heat and fresh water from one ocean basin to another and through that 

it transfers climate signals and their anomalies around the world’s oceans. Figure 

2.16 is the illustration of the surface currents in the Indonesian seas.

F igure 2 .1 6 :  Surface curren ts in the Indonesian Seas, (a) in F ebru ary (north  
m onsoon, m inimum  throughflow), (b) in A u gust (south m onsoon, m axim um  

throughflow). (M. Tom czak an d  J. S. G odfrey, 2001).
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2.4.1. Origin of the ITF

The ITF is formed within the complex equatorial current system in the western 

Pacific region, where part of the South Equatorial Current turns, via the Halmahera 

eddy, to join the North Equatorial Counter-current and where the southward branch 

of the Mindanao Current (MC) turns eastward to joint into the North Equatorial 

Counter-current.

In the western Pacific Ocean the most powerful branch of circulation is the North 

Equatorial Current that flows steadily during the whole year towards the Philippines. 

After approaching the Philippine coast the North Equatorial Current bifurcates. The 

large branch turns northwards to form the root of the Kuroshio Current. The other 

one flows south-eastwards, feeding the MC. At the entrance of the Indonesian Seas, 

the MC splits, one branch enter the Celebes Sea to become the main source of the 

ITF, the other branch continues in the direction of the main current to the south, 

forming the Mindanao Eddy (ME) (Wyrtki, 1961). The other powerful circulation in 

the western Pacific Ocean is the South Equatorial Current which flows along the 

coast of New Guinea island with high velocities as far as Halmahera. Here it 

separates into two parts, one part enters the Indonesian seas near the Halmahera 

Island to form another source of the ITF, the other deflected to the north, part of 

them then creating the Halmahera Eddy (HE), the rest joins the current returning 

from the Celebes Sea, then combining with the Mindanao Current to form the root of 

the North Equatorial Countercurrent (NECC) (Wyrtki, 1961; Godfrey, 1996; Gordon 

and Fine, 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; Sprintall et al, 2004), drifters (Lukas et al., 1991), tritium content (Fine, 

1985) and the numerical ocean models results (Semtner and Chervin, 1992; Hirst and 

Godfrey, 1993; Nof 1996) suggest that the water in the upper 500m of the ITF 

originates mainly from the North Pacific thermocline and intermediate waters, while 

the lower thermocline and deeper water masses at the eastern entrance to the 

Indonesian archipelago are fed from South Pacific water arriving through the eastern 

Maluku and Helmahera Seas with a dense water overflow at Lifamatola Passage (van
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Aken et al., 1988; Ilahude and Gordon, 1996; Gordon and Fine, 1996; Hautala et al., 

1996; Gordon and McClean, 1999; Gordon et al, 2003).

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. Then 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).

2.4.2. Which physical processes drive the ITF?

In his early work, based on hydrographic observations, sea level records, drifts and 

climatological wind patterns, Wyrtki (1961; 1987) first estimated the ITF magnitude 

and proposed the mechanism of transferring water from the Pacific Ocean to the 

Indian Ocean; the ITF is driven by a pressure gradient between the Pacific and Indian 

Ocean. His assumption was that the ITF magnitude can be correlated with the sea- 

level difference between the Davao (Philippines, West Pacific) and the Darwin 

(Australia, East Indian Ocean) stations. 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 fluctuations of the unstable Mindanao Current and other off- 

equatorial signals. The Darwin station is located within the downstream buoyant pool 

of the North Australian Basin and hence the sea-level variation here must mainly be 

of Pacific Ocean origin therefore Darwin is also a poor choice to use when studying 

sea level differences between the Indian and Pacific Oceans (Clarke and Liu, 1994; 

Andersson and Stigebrandt, 2005). These left an open question on 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) invented the so-called “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,
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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 (see Section 4.5, p.85). 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” which using annual mean wind stress gives an estimation of the net 

mean depth-integrated transport of 16 ± 4 Sv (Sv = 106 m3/s). The value is higher 

than that in comparison with 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 ah, 1999; Wajsowicz et ah, 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 the 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 

showed that the narrow channels in the Indonesian archipelago could indeed reduce 

the net transport due to the frictional effects. However, estimations of frictional 

contribution are dependent on the parameterization and boundary conditions adopted 

in the model.

In agreement with the modified “island rule”, the ocean general circulation model 

(OGCM) experiments of 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 OGCM shows disagreement in both magnitude and phasing of the 

Throughflow (Wajsowicz and Schneider, 2001).



Chapter 2: Literature Review | 38

A different approach was suggested by Andersson and Stigebrandt (2005) where 

only the 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. 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 theories of the Throughflow forcing therefore still leave the unanswered 

question of 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.

2.4.3. Magnitude of the ITF

The Indonesian Seas represent the only tropical inter-ocean link between the western 

Pacific and the eastern Indian Ocean and take responsibility for transferring a large 

amount of water mass from the upper Pacific Ocean to the Indian Ocean. While the 

heat and relatively fresh water carried by the ITF are known to affect the basin 

budgets of both the Pacific and Indian Oceans, the magnitude, vertical distribution 

and variability of the ITF are not well known (Sprintall et al, 2004). The estimation 

of the ITF transport magnitude and variability has been a challenging task for both 

observational and numerical ocean model due to the complicated topography of the 

Indonesian Seas and the complex equatorial ocean dynamics.

Because of difficulties in calculation as well as difference in methods used for 

calculation of the ITF, the actual magnitude of the ITF and the annual variation still 

remains controversial, despite of many efforts in recent years. The numerical value 

of the ITF volume transport ranges from near zero to 30.0 Sv (Siedler et al, 2001) 

depending on the method, location, time and data used in calculation (Wyrtki, 1961;
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Godfrey and Golding, 1981; Wunsch et al, 1983; Piola and Gordon, 1984; Fine, 

1985; Fu, 1986; Gordon, 1986; Semtner and Chervin, 1988; Murray and Arief, 1988; 

Toole et al, 1988; Kindle et al., 1989; Godfrey, 1989; Wijffels et al, 1992; Toole and 

Warren, 1993; Fieux et al., 1994, 1996; Meyers et al., 1995; Potemra, 1999; Gordon 

et al., 1999; Hautala et al., 2001; Molcard et al., 2001; Susanto and Gordon, 2004; Li 

Wei, 2006; Potemra and Schneider, 2007).

Since the 1960s, there have been several attempts to estimate the transport of the 

Throughflow by using a variety of direct and indirect methods. The first attempt to 

estimate the strength of the ITF was the works of Wyrtki in 1961. In his research, 

Wyrtki provided a general picture of the complex, and varying flow pattern inside 

and surrounding water of the Indonesian Seas.

The direct measurement of the ITF through the Lombok Strait conducted by Muray 

and Arief (1988) from January 1985 to January 1986 showed an annual mean 

transport of about 1.7 Sv with a maximum of 4.0 Sv towards the Indian Ocean during 

July and August, and less than 1 Sv from December 1985 to January 1986. The 

recently observational programmes monitoring of the ITF exist such as INSTANT 

(2003-2006) and ARLINDO (1993-1994; 1996-1998; 1998-2007). The initial result 

of the ARLINDO has shown an average southwards transport in 1997 within 

Makassar Strait of 9.3 Sv, with a range of about ± 2.5 Sv depending on how the 

surface flow is taken into account (Gordon et al., 1999). Based on the recent mooring 

measurements in Makassar Strait (G ordon  e t a l., 1999; W ajsow icz e t al., 2003; 

Susanto an d  G ordon , 2004), as the main passage of the Throughflow and estimates 

of the transport in the outflow passages (M urray an d  A rief, 1988; C resw ell e t al., 

1993; M o lca rd  e t a l., 1994; 1996; 2001; H autala  et a l., 2001) a general picture of the 

ITF is depicted in the Figure 2.17, with the total ITF transport is about 10.5 Sv and 

the transports of Makassar Strait, Lombok Strait, Ombai Strait, and Timor Strait are 

9.0 Sv, 1.7 Sv, 4.5 Sv, and 4.3 Sv respectively (Gordon, 2001). Although direct 

current measurements of the ITF are of limited duration, none are long enough to 

properly describe greater than annual variability of the ITF, observations indicate 

that the bulk of the ITF passes through the Makassar Strait (Vranes and Gordon,
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2005). The total net throughflow and the transport through the main Indonesian 

passages are shown in the Table 2.2 and Table 2.3.

The reason of the uncertainly about the numerical value of the ITF lies in a number 

of special difficulties. Firstly the ITF passes from the equatorial Pacific to the Indian 

Ocean through a highly complex system of channels. These channels span the 

Equator, and internal tides are very active within them, which can cause severe 

aliasing in the estimation of steric heights from single measurement; Secondly the 

ITF originates near the region where part of the SEC turns its direction to join the 

NECC, and where the Mindanao current turns eastward into the NECC; Thirdly, 

when calculating the ITF, the long-term mean flow through the South China Sea is 

often ignored (Godfrey, 1996), even through the South China Sea could contribute 

approximately 3.9 Sv to the ITF (Fang, 2005); and finally the given values of the ITF 

were calculated based on differences in method, location, time and data.

Figure 2.17: Schematic o f Indonesian Throughflow pathways (Gordon, 2001). The solid 
arrows represent North Pacific thermocline water; the dashed arrows 
represent South Pacific lower thermocline water. Inserts A-D show positions 
of INSTANT’ moorings. Insert A: 2 Makassar Strait Inflow moorings within 
Labani Channel. Insert C: Netherland’s mooring within the main channel of 
Lifamatola Passage. Insert B, D: Sunda moorings in Ombai Strait, Lombok 
Strait, and Timor Passage.
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Table 2.2: The mean transport o f  the ITF

No Reference Method Results
(Sv)

Note

1 Wyrtki, 1961 Geostrophy 1.7 Top 200m
2 Godfrey and Golding, 

1981
Geostrophy, 11 Indian Ocean 
sections

10 Sections unclosed, 
32°S

3 Wunsch et al, 1983 Inverse calculation, 43°S and 
28°S Pacific sections

« 1 0

4 Piola and Gordon, 1984 Freshwater budget, Pacific and 
Indian Oceans

14

5 Fine, 1985 Tritium budget, West Pacific 5 Top 300m

6 F u ,1986 Inverse calculation, Austral ian- 
Timor

7 Timor Strait only

7 Toole et al, 1988 Salinity budget, West Pacific <5 Sensitive to 
Indonesian salinity

8 Murray and Arief, 1988 Current meter survey 1.5 Lombok Strait only

9 Godfrey, 1989 Geostrophy, Australia-Sumatra, 
Levitus annual mean data

12 Boundary currents 
unresolved

10 Toole and Warren, 1993 Inverse estimate, Indian Ocean 
32°S

7

11 Wijffels et al, 1992 Heat budget, closed box, 14°S- 
165°E-10°N

0-8

12 Fieux et al, 1994 Geostrophy, Australia-Bali, 
plus current meter

18.6±7 August 1989 
snapshot

13 Fieux et al, 1996 Geostrophy, Australia-Bali, 
plus current meter

-2.6±7 February-March 
1992 snapshot

14 Meyers etal, 1995 Time series from expendable 
bathythermograph sections

5 Top 400m

15 Semtner and Chervin, 
1988

Global Ocean GCM 16.0

16 Hirst and Godfrey, 
1993

Global Ocean GCM 17.0

17 Inoue and Welsh, 1993 Regional ocean model 9.8

18 Kindle et al., 1989 Numerical ocean model 7.5

19 Masumoto and 
Yamagata, 1996

General circulation model 9.5

20 Potemra, 1999 Numerical ocean model >8.0

21 Molcard et al., 2001 Current mooring 4 - 6 Ombai Strait only

22 Li Wei, 2006 General circulation model 15.68 The major transport 
occurs in the upper 
300 m

N ote: 1 - 1 4  is fro m  the sum m ary o f  G odfrey, 1996.



Chapter 2: Literature Review | 42

Table 2.3: Volume tra n sp o rt (Sv) through the m ain Indonesian passa g es.

Passages Observations
Makassar Strait 9.3 ± 2.5 G ordon  e t al., 1999  

8.1 ± 1.5 Susanto a n d  G ordon, 20 0 4

Sulawesi-New Guinea ~ 1-2 G ordon  e t al., 20 0 0

Lombok Strait 1.7 ± 1.2 M u rray a n dA rief, 1988  

2.6 ± 0.8 H au ta la  e t al., 2001

Ombai Strait 5.0 ± 1.0 M o lca rd  e t al., 2001

Timor Passage 7.0 C resw ell e t al., 1993  

4.5 ± 1.5 M o lca rd  e t al., 1994  

4.3 ±1 .0  M o lca rd  e t al., 1996

N ote: P o sitive  values indica te  sou th w ard  tran sport to w ards the Indian Ocean.

2.4.4. Seasonal and Inter-annual variation of the ITF

The Indonesia Seas lies in the region that forms a crucial pathway of return water 

from the Pacific Ocean into the Indian Ocean. In this region the tropical monsoon 

causes a very clear seasonal variation of climate and ocean circulation. The annual 

fluctuations of sea level of the western coast of Thailand and Indonesian are forced 

predominantly by the coastal alongshore monsoon wind. For the six months from the 

April to September this monsoon wind has a south-easterly component towards 

Indian, raising coastal sea level in the Northern Hemisphere and lowering it in the 

Southern Hemisphere; during the other six months winds and sea level reverse 

(Clarke and Liu, 1993).

The ITF transport shows high variability on both seasonal and inter-annual 

timescales. The seasonal cycle is characterized by the monsoonal wind change. The 

transport within Makassar Strait is strongest in the boreal summer monsoon. The 

flow is weakest in the boreal winter monsoon (G ordon  e t a l., 1999, 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, and Timor Passage) 

show a similar mean annual cycle as in the Makassar Strait (H autala  e t a l., 2001). 

However, possible differences in timing of the outflow transport relative to the 

transport from the inflow passages point to convergence in the Indonesian Seas 

(G ordon  an d  Susanto, 2001; P otem ra  e t a l., 2003).
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Wyrtki (1987) and Clarke and Liu (1994) suggested that ITF transport, normally 

from the Pacific Ocean to the Indian Ocean would be reduced during an El Niño 

event or enhanced during a La Niña event. The hypotheses were based on the change 

in the Pacific trade wind during ENSO events and the associated responses of Pacific 

and Indian sea level and the ITF. For example, during an El Niño event, easterly 

trades relax and the pressure force maintaining the ITF is reduced (Potemra and 

Schneider, 2007). The hypothesis was supported by the work of Meyer (1996). The 

depth integrated transport computed from the observation of temperature and salinity 

along the repeat XBT line IX-1 (from Java to Australia) was indeed enhanced during 

the La Niña event of 1988/1989 and reduced during the El Niño of the early 1990s. 

However in more recent studies (England and Huang, 2005; Sprintall et al., 2002) a 

major part of the inter-annual variance in ITF appears to be independent of ENSO, 

and there are several years when the ITF transport does not appear to match ENSO 

variation.

According to Potemra and Schneider (2007), the apparent discrepancy between 

ENSO and the ITF variability may be explained in several ways: firstly, the observed 

estimates are based on a geostrophic calculation, and the actual flow maybe 

ageostrophic; secondly, the geostrophic calculation relies on a level of no motion that 

may not be accurate; the third reason why the ITF does not show coherent variability 

with ENSO is that inter-annual forcing may act differently on different vertical layers 

of the ITF, and the result may not have a clear signal in the depth integrated transport 

value; and finally, it may be the case that inter-annual variations of the ITF are 

caused by something other than, or in combination with, ENSO.

2.4.5. The effect of the ITF to regional and global circulation and climate

Due to its geographical position the ITF plays an important role in the world ocean 

circulation. It is also an integral part of the tropical climate system, playing an 

important role in the tropical ocean-atmosphere coupling by influencing the position 

and extent of the West Pacific Warm Pool (WPWP).

Numerical ocean modelling studies have provided some guidance to the effects that 

are likely to occur as result of natural, seasonal and inter-annual fluctuation of the 

ITF (Godfrey, 1996). According to numerical models, changes in ocean circulation
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associated with the throughflow are likely to affect patterns of heat exchanges with 

the atmosphere in widely separated regions of the world ocean. In particular, an 

increased ITF will result in more heat loss to the atmosphere in the subtropical Indian 

Ocean and less in the Pacific Ocean (Godfrey, 1996).

Results from the coupled ocean-atmosphere general circulation model (AOGCM) 

(Schneider and Barnett, 1997; Schneider, 1998) show that the open ITF increases 

surface temperatures in the eastern Indian Ocean, reduces temperatures in the 

equatorial Pacific, and shifts the warm pool and centres of deep convection in the 

atmospheric pressure in the entire Tropics and, via atmospheric teleconnections, in 

the mid-latitude. As result, the atmospheric pressure in the entire tropics and the 

related surface wind stress is changed. Table 2.4 shows some of the possible effects 

of the ITF to the Oceans as suggested by Godfrey (1996).

Blocking of the ITF results in an ENSO-like signal in the Pacific and a pattern 

similar to the Indian Dipole Mode over the Indian Ocean (W ajsow icz a n d  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.

Table 2.4: The p o ss ib le  effects o f  the ITF to  the O ceans (G odfrey, 1996).

The Indian Ocean The Pacific Ocean The Atlantic Ocean

Warming of the Agulhas out 
flow; Strengthening of the 
Leeuwin Current system; 
Ocean-wide thermocline 
deepening; Warm water in the 
Indonesian upwelling region; 
Observed ENSO-related 
variability of the Leeuwin 
Current; Change of SST in the 
Indian Ocean.

Altering the strength of 
the East Australian 
Current; The East 
Australian Current and 
ENSO; Climatic effects 
of the throughflow on 
other parts of the Pacific 
Ocean.

Effect of the ITF to 
the Atlantic is very 
weak.
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C h a p t e r 3

MODEL DESCRIPTION

3.1 Some advantages and disadvantages of numerical ocean models

Oceanography is a relatively young field, barely a century old. Numerical ocean 

modelling is even younger. The very early comprehensive numerical global 

baroclinic ocean model was formulated by Kirk Bryan (1969) in the late sixties and 

programmed by Michel Cox. However, the advent o f high performance computers 

has led to a phenomenal growth in the field, especially in the last decade (Kantha and 

Clayson, 2000). A fairly complete overview of the models currently in use, with 

links to the websites where these models are available, is given at: 

http://stommel.tamu.edu/~baum/ocean_models.html. In the review of Griffies et al., 

(2000), some advantages and disadvantages of several numerical ocean models have 

been pointed out as following:

The z-coordinate models: The advantages o f the depth or z-coordinate models (e.g. 

MOM, MOMA. OCCAM, SEA, HOPE, M IT...) are they can provide the simplest 

and most established framework for ocean climate modelling; In general a z- 

coordinate system provides a useful framework for representing diabatic processes; 

well-suited for situations with strong vertical/diapycnal mixing and/or low 

stratification. For a Boussinesq fluid the horizontal pressure gradient can be easily 

represented; the highly nonlinear equation of state for ocean water can be accurately 

represented; the surface mixed layer is naturally parameterised. The disadvantages 

are that the representation of tracer advection and diffusion along inclined density 

surfaces in the ocean interior is cumbersome, representation and parameterization of 

the bottom boundary layer is unnatural, and representation and parameterization 

bottom topography is difficult.

http://stommel.tamu.edu/~baum/ocean_models.html
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The p-coordinate models: The isopycnic or density coordinate models (e.g. MICOM, 

HIM, POSUM, HYCOM, POSEIDON...) are less well established for climate 

modelling application, but they have strong foundation in idealised configurations. 

They are well-suited to modelling the observed tendency for tracer transport to be 

along density surfaces (or isopycnals). The topographic interactions are better 

represented in comparison to z-coordinate models (there is no restriction related to 

Az). For a diabatic fluid, the horizontal pressure gradient can be easily represented; 

the volume or mass between isopycnals is conserved. The disadvantages are that the 

representation of the effect o f a realistic equation of state is cumbersome; isopycnic 

coordinate models are an inappropriate framework for representing the surface layer 

or bottom boundary layer, since these boundary layers are mostly unstratified.

The o-coordinate models: The sigma coordinate models (e.g. POM, SPEM, ROMS, 

POLCOMS...) provide suitable a framework in situations where capturing the 

dynamical and/or boundary layer effect associated with topography is important. It is 

particularly well suited for modelling flows over the continental shelf and slope, but 

remains unproven in a global coupled climate modelling context. The sigma 

coordinate system provides a smooth representation of the ocean bottom topography, 

with coordinate isolines concentrated in regions where bottom boundary layer 

processes are most important, they allow for a natural framework for parameterising 

bottom boundary layer (BBL) processes. Thermodynamic effects associated with the 

equation of state are well represented. The representation of the mixed layer can be 

less well represented using sigma coordinates than with the z-coordinates; as with z- 

models the representation of advection and diffusion along inclined density surface 

in the ocean interior is cumbersome; the sigma coordinate models have difficulty 

accurately representing the horizontal pressure gradient.

3.2. POLCOMS Model

The Proudman Oceanographic Laboratory Coastal-Ocean Modelling System 

(POLCOMS) model is a three-dimensional baroclinic model which has been 

developed from the Proudman Oceanographic Laboratory Three-Dimension 

Baroclinic B-grid model (POL3DB) (James, 1986; 1996) to incorporate sophisticated 

features suitable for the modelling of baroclinic processes on the shelf, on the shelf 

slope, and in ocean regions to allow long-term coupled ocean-shelf simulation (Holt
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and James, 2001a, b). The model is formulated on the spherical polar sigma 

coordinate set (x, <f>, cr) and using Arakawa (1972) B-grid. The Piecewise Parabolic 

Method (PPM) scheme (Colella and Woodward, 1984; James, 1996) has been used 

to minimize numerical diffusion. A complete description o f the model is provided by 

Proctor and James (1996), Holt and James (2001a, b) and from the website 

http: //cobs, pol ac. uk/modl/

3.2.1. Equation of motions

The 3-D incompressible, Boussinesq and hydrostatic equations, in essence a 

development of that of James (1986) and described by James (1996), in spherical 

polar coordinates with a transformed vertical coordinate, a, are given by

du
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1

5 0

dP.

dC d H V
--------- h < 7 -------- D

ÔX d x i  y
1 d (  du ^ 

A ----
p 0Rcos(j) dx H 2 d a  v d a  y

dv
dt

( r u tan ó ) 
/  + --------

1u -----
5 0 ~dÇ dH 

—— + a ----
\

b
l  R ) R d(/) d(j> )

1 dP, + 1 d
p 0R dtf) H 2 d a

A i i '
d a  y

db
dt
-  = -L(b) + 1 d

H 2 da da

(3.2.1)

(3.2.2)

(3.2.3)

where u, v are the positive velocity components in east (x), north {(/>)- axes 

respectively; H is total depth (=h+£); f i s  sea-surface elevation above mean sea level; 

/  is the Coriolis parameter; Pa = atmospheric pressure; O = (total pressure P -  

Pa)/po+gz’, è=buoyancy (=g(po-p)/p0); K  is coefficient o f vertical diffusion; and A is 

the coefficient of vertical viscosity.

The vertical coordinate a  = (z-Ç)/(h+Ç) and the nonlinear terms L(a) are given by

L(a) =
u da 

R cos (f> dx
v da _ da

+ ---- + Q — ,
R d<j) da

(3.2.4)

http://cobs,_vol._ac._uk/modl/
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where

also

Q = -
H d t dx

a
H  j  uda

V o J

+ -
d < p

H  cos <p j  vdcr
. o j

, (3.2.5)

b =
i a o

H der

so
u

O = h J bdct + g Ç .

Following Holt and James (2001a), the equations of motion (3.2.1, 3.2.2, 3.2.3) are 

solved to allow time splitting between the barotropic and the baroclinic components. 

They are divided into depth varying and depth independent parts; so the eastward 

velocity is w = u[%,<f>,t] + ur[x,4,<J,t]; and the northward velocity is v = v + vr .

The depth-mean equations are:

—  = f  v-(Rcos</>) 1 
dt

dt

+ H~i[Fs - F b] + NLBz , (3.2.6)

(3.2.7)

dx dX

+ H-'[Gs -G b] + NLB,
d(/) d(f)

and the equations for the depth varying components are

6Ur-  = -L{u) + fv r + UVtan<l> - n , +D(u)-  H-'[Fs - F b]~NLBy , (3.2.8)
d t

dv
-  = ~L(y) -  fa r

R

u2 tan^
8 t '  '  '  r

where R is the radius o f the Earth.

The buoyancy terms are given by

-i dV

- n ,  + D ( V ) - H - ' [Gs - G b] -  NLB, ,  (3.2.9)

n z — (.r  c o s  <f>)
dX

and H  ,  = R
d < p

The depth means of the nonlinear and buoyancy terms are:

» , = 1

N L B ,= (

, ,  . wvtan^ „-  L(u) +---- — — H  y \dcr ,
R

L(y) +
u2 tan^ 

R
-n, d < 7

(3.2.10)

(3.2.11)

(3.2.12)

(
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The vertical gradients o f the stresses (z:x, Tz&)lp have been replaced by a diffusion 
term:

£> („)= / / - ¡ A i * .  «sl\
d<r v ' S c r ,

where K: is the eddy viscosity which will be defined in section 3.2.2. 

The equation for the free surface is

(3.2.13)

-^ -  = -(Rcos<fi) 1 -— (//« )  + -— ( / /c o s 6v) . 
dt dX d</>

(3.2.14)

The model uses slip vertical boundary conditions: the components of surface stress 

(Fs,Gs) are given by

(Fs ,Gs) = c A ( u w,vw)J u 2w+v l ,  (3.2.15)
Po

Where the friction coefficient C„ = 0.63 + 0.66-yjul + v2v following Smith and Banke

(1975); and uw, vw is the wind velocity at 10m. The components o f bottom stress 

(Fb,Gb) are given by

where
(Fb,Gb) CB{ug,vB)-Jus + v/( ,

Cg = IC'' iOg —  , 
. v zo

CB> 0.005,

(3.2.16)

following Blumberg and Mellor (1987). The near bed velocity (uB, vB) is defined at a 

depth S above the sea bed, the roughness is taken to be z0 = 0.003m; and k = 0.41 is 

von Karman’s constant.

The transport equation for temperature (and salinity) is given by

~  = ~L(T) + D{T), (3.2.17)
ot

which uses the eddy diffusivity Kf{ (which will be defined in section 3.2.2).

3.2.2. Turbulence closure

To estimate the vertical eddy viscosity and diffusivity term in the previous section, 

the Mellor-Yamada-Galperin level 2.5 turbulence closure scheme (Mellor and 

Yamada, 1974, Galperin et al., 1988) has been employed in the POLCOMS model.
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The turbulent kinetic energy density is given by:

= 2KZM 2 -  2{K„ -  aK . )N 2 - — + D(q2 ) ,  (3.2.18)
dt ' B] l

where

'  dv_ Ÿ
Kdcr)  _  ’

"  ~ H d  a ’

and B, =16.6. The term in aK: (with a=0.7) is a simple representation of vertical 

mixing by long wavelength internal waves (Mellor, 1989); and Kz, Kh and Kq are the 

coefficients of the eddy viscosity, eddy diffusivity and the vertical diffusion o f q2 

respectively.

,.2 1  ̂du N2
M 2 = — +

H 2 U o-J

a; ! - _ L ^ L

There are many choices of algebraic mixing length, /, (e.g. Xing and Davis, 1996). In 

the POLCOMS model the Bakhmetev scale has been used (Holt and James, 1999b) 

and it shows reasonable results in the North Sea. In Holt and James (2001a, b) the 

length scale in deep water is modified so that l = kH10(o), where h < hc,

l0=(\+o)(-o)°5

and where h> hc

I = i .
lo h

v
1 + a-

K j

h
- a  —

v K j

,0.5

for cr > ~Jk
3 h

_ 2V3 K
9 h

= (l + o-)

for

f  , A05
i - A ( i +<t )

h

- k  2 hc .----- > cr > — - - 1 ,
3 h 3 h

2h ,
for <j  < — -  - 1 .  

3/7

This maintains the surface and near-bed mixing length profiles at a depth of hc into 

deep water, with intermediate depths in the water column taking the maximum value 

at h=hc. Defining the profile in this way simulates, in an arbitrary fashion, the eddy 

scale becoming independent of water depth in deep water and prevents / increasing 

without limit with h. The eddy size in stratified water is limited according to the 

Ozmidov length scale (for dissipation s), L = (e/N3) 12. POLCOMS imposes a limit 

on / proportional to this, following Galperin et al (1988):
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l 2 <0.28 r
N 2 ' (3.2.19)

The near-bed boundary condition arises from a steady state balance between shear 

and dissipation:

»2 s ^ V ^ F + c F .

whereas at the surface a balance between diffusion and dissipation is used to 

represent the flux of turbulence from surface wave breaking (Craig and Banner, 

1994).

2 I _  2/3
j ler=0 ^  wave

(  „ V/3
3 ^ yjF s+ G 2s ,

with a  = 100 as the wave energy factor. Note that no temporal and spatial variations 

of a wave are included, and the vertical resolution is unable to resolve the narrow 

region in which this surface turbulence is dissipated, so the effects are allowed to 

penetrate deeper than the work of Craig and Banner (1994) would suggest.

The system is closed by

K z = SMlq ; K h = S Hlq K q = Sqlq , 

using the stability relations from Galperin et al. (1988)

Su =
0.3933 -3.086G  

(1-34.68G )(1-6.127G ) 
0.4939

1 -  34.68G
Sq = 0.2,

where G = -l2N2/q2 and (3.2.19) gives G > -0.28. Kq is the coefficient for the vertical 

diffusion o f q2. In unstably stratified conditions, a convective adjustment scheme is 

used to mix vertically before the diffusivities are calculated (more details are 

described in Holt and James, 2001a, b).

3.2.3. Equation of State

In POLCOMS, the density is defined by an approximation to the full UNESCO 

equation of state: p (T ,S ,p ) = p(T ,S,0) + p ( T ,S ,p ) ,  where T is the potential 

temperature (°C); S is salinity (psu), and p is the pressure relative to the sea surface; 

p(T ,S ,0 ) is taken from the UNESCO equation o f state and
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p \T ,S ,p )  = 1044  
c

(  p
1 -  0.20

v c ;
(3.2.20)

with c = 1449.2 + 1.34 (S - 35) + 4.55 T - 0.045 T2 + 0.00821 p  + 15.0 x 10'9p 2, 

following Mellor (1991).

The total (hydrostatic) pressure is given by

P = Pa+ p0(y/ + g £ - g z )  + 0.002282gZ2, (3.2.21)

i <7 # .

b d a ; b=b0+b ’ with bn (potential

buoyancy) = g[pa-p(T, S, 0)]/po (p0= 1027 kg m'3); b = g[p  (Z) - p ] / p Q\ Z  = z -  C =

a H\ in POLCOMS, the initial condition gives p  (Z )= - 0.004564Z (Holt and James, 

2001a, b).

3.3. MICOM Model

The Miami Isopycnic Coordinate Ocean Model (MICOM) of the University of 

Miami is a primitive equation numerical model that describes the evolution of 

momentum, mass, heat and salt in the ocean. The theoretical structure of the model 

has been described by Bleck et al. (1992). The model uses equations that have a 

coordinate of density in the vertical direction, and formulated on the Arakawa C- 

grid, and using the split-explicit numerical scheme to separately calculate the 

barotropic and baroclinie components of the field of prognostic variables (Langlois, 

1997). The governing equations and model grid are briefly described below. The 

details descriptions of the model and parameters are presented in the publications of 

Bleck and Boundra (1981, 1986), Bleck and Smith (1990), and especially the 

MICOM user’s manual (Langlois, 1997).

3.3.1 Governing Equations

The Miami model is a primitive equation model containing four prognostic equations 

including one equation for the horizontal velocity vector, a mass continuity or layer 

thickness tendency equation, and two conservation equations for salt and heat. The 

equations, written for a generalised vertical coordinates “5” (Bleck, 1978) to make 

them formally applicable to both the isopycnic domain and the surface mixed layer 

are (Bleck et al., 1992):
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8V V 2
T -  + V —  + (Ç + f ) k x V  + 
ot. 2

*dp s —
V ds j

ÔV ÔT f  dp
dp ° dp y d s ,

N -I
V. •

_a
5t,

dp
yds ; l ds y ds y ds

= 0,

d > T + v 5. ( v ^ t ) + A f 3 ^ ' >ii T
dts < dS y l  ds J dsy ds J X y ds J

+ H r ,

d̂ Ads y
, (3.3.1)

(3.3.2)

(3.3.3)

where V -  (u, v) is the horizontal velocity vector components, p  is pressure, T 

represent any one o f the model’s thermodynamic variables (temperature, salinity,

buoyancy), a=p'1 is the specific volume, £  = — ----- —  is the relative vorticity

evaluated on an s surface, M = gz + pa is the Montgomery potential, gz is the 

geopotential,/is the Coriolis parameter, k is the vertical unit vector, u is a variable 

eddy viscosity coefficient, and r is the wind and bottom-drag-induced shear-stress 

vector; H j represents the sum of the diabatic source terms acting on T. Subscripts

& Ò Òindicate which variable is held constant during partial differentiation ( — ,---- ,——
d t s d x s Sy,

denote differentiations with s held constant). Distances in x, y  directions (as well as

their time derivatives r s w a n d y s v )  are measured in the projection onto a

horizontal plane, a convention that eliminates metric terms related to the slope o f the 

s surface.

After vertical integration over a coordinate layer, bounded by two surfaces S,op and 

Sbottom (the ocean surface, the bottom of the mixed layer, the seafloor, and all 

isopycnic layer interfaces are 5 surfaces), the continuity equation (2) becomes a 

prognostic equation for the layer weight per unit area, Ap = p hol -  p  :

r ,
— A/? + V s .(VAp) +
dt,

l dP

dp
ds /  hot

( ' d p ' s —  
ds

= 0, (3.3.4)
top

The expression s —  represents the vertical mass flux, taken to be positive if in +p or
ds

downward direction, across an s surface. In (3.3.4) Visa  layer average.



Chapter 3: Model description | 54

Multiplication of (3.3.1) by — and integration over the interval (S,op, Shot), followed
ds

by division by — , changes the shear-stress term in that equation into —  (r -  zhol), 
As Ap

while the lateral momentum mixing term integrates to:

(A py'V '-(vA pV xF). (3.3.5)

All other terms in (3.3.1) retain their original form.

Wind-induced stress is assumed to be zero at the bottom of the mixed layer, which 

therefore must not be allowed to become shallower than the Ekman layer. Bottom 

stress is prorated among coordinate layers in accordance with the assumption that is 

linearly decreases from - pCD \ V \V  to zero over the lowest 10m of the water 

column. In this formula V is the velocity vector average over the lowest 10cm, and

Cd=0.003.

The layer-integrated from of (3.3.3) is

— TAp + V , • (VTAp) +i ; * r ] hot *s— T
v Ô.V ) l  ds ) lop = V t ■ {vApVsT) + H j (3.3.6)

The above prognostic equations are completed by diagnostic equations including the 

hydrostatic equation

8M
da = P- (3.3.7)

Since the mixed layer is non-isopycnic and subject to diabatic forcing, conservation 

equation for thermodynamic variables are needed there. An equation of state linking 

temperature (T), and salinity (S) to a, and a turbulence kinetic energy balance 

equation yielding the depth o f the mixed layer. In the MICOM model the equation 

advocated by Friedrich and Levitus (1972) has been used to express the variable 

representing the density (rr) by a polynomial function of the temperature (in °C) and 

o f the salinity (in °/oo) as follows:

g(T,S) = (c 1 +c3 * S+T* (c2+c5 * S+T* (c4+c7 * s+c6* T)))* 1 e-3.

where: S is salinity; T is temperature; cl = -7.2169 x 10"2; c2 = 4.9762 x 10'2; 

c3=8.0560 x 10'1; c4 = 7.5911 x 10'3; c5 = -3.0063 x 10'3; c6 = 3.5187 x 10'5; and

c7= 3.7297 x 1 O'3 .



Chapter 3: Model description | 55

3.3.2 Model grid, parameters and forcing

Variables in the MICOM model are calculated at different points on a staggered 

Arakawa (1972) C-grid (Figure 3.1). Depths and Montgomery function are 

calculated at p points, vorticity at q points, and velocity components (u and v) are 

calculated on their respective grid points. When calculating terms in the momentum 

equation, variables are averaged or differenced onto their respective u or v grid 

points. In the model experiment the default coefficients were used such as the 

diffusion velocity (cm/s) for thickness diffusion is 0.5; the diffusion velocity (cm/s) 

for momentum dissipation is 1.0; the diffusion velocity (cm/s) for 

temperature/salinity mixing is 0.5; and the nondimensional, used in deformation- 

dependent viscosity is 0.2. The diapycnal mixing coefficient has been set to 0.0 

which does not allow the diapycnal mixing in vertical. Especially in the experiments 

with realistic geometry and forcing this keeps the temperature and salinity fields 

close to the initial state of the realistic data from the Levitus and MIT-ECCO- 

GODAE datasets. The initial conditions, the lateral boundary conditions and forcing 

will be described before each experiment in the next chapters.
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Figure 3.1: Distribution o f the variables on an Arakawa C-grid (Langlois, 1997).
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3.4. Choice of model for this project

Because the region o f interest for this project has large amount of shelf-sea and 

extremely variable depth, it was initially decided to use the POLCOMS a-coordinate 

model. However when problems with calculating the volume transport in the 

Throughflow became apparent it was decided to use MICOM instead as it did not 

suffer from these problems. The exact size of the Throughflow is an important 

diagnostic for computing model runs under different conditions and for comparing 

with other models and observations, so the diagnosed values must be reliable.
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C h a p t e r 4

RESPONSE OF AN IDEALISED MODEL TO CHANGES OF 
TOPOGRAPHY AND FORCING

In this Chapter the models, as described in Chapter 3, have been setup to run with 

different idealised wind forcing and topography in order to learn about the models, 

the possible flow regimes, volume transports and their responses to changes of 

forcing and topography. The idealised model has the benefit that it consumes 

relatively limited use of computer resource, but still can provide insight which will 

help interpret outcomes of the realistic forcing and topography model to examine the 

seasonal and long-term variations of the ITF and circulation in the Southeast Asian 

region.

4.1. Model configuration
4.1.1. Model domain

Firstly models have been run with a classical rectangular domain (referred to as 

blank domain or Case 4.1), which simply is a closed rectangular basin with a flat 

bottom at a constant depth o f 4000m (Figure 4.1.a), to see whether the models can 

reproduce the phenomena that were known from the classical experiments of 

Sverdrup (1947), Stommel (1948) and Munk (1950). Secondly, models have been 

carried out with changes o f topography which more closely resemble realistic 

topography o f the study region (one-channel domain and two-channel domain, 

referred to as Case 4.2 and Case 4.3 respectively). The domain in the case of one 

channel is modified from the blank domain by dividing the domain into two sub

basins by placing a barrier at mid-longitude but still allowing the basins to be 

connected through a shallow channel of 100m depth and approximately 2000km 

width x 2000km long as shown in the Figure 4.1.b. The two-channel domain is based 

on the one-channel domain by opening a deep (4000m) channel o f approximately 

500km width at the southern boundary (Figure 4.1.c). Finally to examine responses 

of the system to changes o f width and latitude o f the shallow channel four more
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additional domains (Figures 4.2a, 4.2b, 4.2c, 4.2d) have been used. They are 

hereafter referred to as Case 4.4, Case 4.5, Case 4.6 and Case 4.7 respectively.

25°N"

o -

25°S.

0 80

■

i~ • A,  ̂ , •«' •

Legend
c. Model domain -  Case 4.3

Figure 4.1: Illustration o f the model domains -  Case 4.1 to Case 4.3.

Figure 4.

0 -

25°S

d. Model domain -  Case 4.7 

2: Illustration o f the additional model domains (Case 4.4 - Case 4.7).
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0
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b. Model domain -  Case 4.5
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The dimension o f the whole domain is about 50° latitude and 80° longitude. They 

were set to be symmetrical over the equator in north-south direction with the 

northern boundary limited at 25°N, and southern boundary at 25°S. The horizontal 

resolution o f the model grid is 0.5 degree (dx = dy = 0.5°). The basins were set to 

have vertical side-wall at the eastern and western boundaries, and sloping side-walls 

at the two sides o f the barrier (Figure 4.3).

Figure 4.3: Cross section along the Equator showing initial vertical layer depths (m) 
o f the model, cases 4.2 to 4.7 (note: the slope o f the barrier has been exaggerated).

4.1.2. Model forcing

The Southeast Asia region is dominated by the monsoon wind with the reversal of 

the wind direction between seasons (winter and summer). Therefore in order to 

examine the response o f the system to the change in wind forcing, different idealised 

zonal wind patterns have been used in the experiments, referred to as winter wind 

and summer wind (Figures 4.4.a, 4.4.b), the meridional wind component is set to be 

zero.

The winter and summer winds over the domain have been generated by the following 

simple sine function:

• zonal winter wind speed : uc = u„*sin(7t*(i-l)/idm) (1)

• zonal summer wind speed : Uc = -u0*sin(27r*(i-l)/idm) (2)

where: u0 = 10 m/s; idm is the total number o f grid points in the north-south 

direction minus 1; i is the index o f the grid point in the north-south direction.
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• 2The above zonal wind speed is converted to wind stress (dyn/cm ) as follows:

Tx = (pa*Cd*uc*wsp)*10.

where: wsp = sqrt(Uc2 + vc2) with uc the zonal wind calculated in (1) or (2), vc the 

meridional wind component (vc= 0 in this research); pa the air density (1.25 kg/m’); 

Cd wind drag coefficient, calculated by the formula o f Smith and Banke (1975):

Cd = (0.63+0.066* wsp)* 1 O'3.

2 2 Winter wind stress (N/m ) Summer wind stress (N/m )

Figure 4.4: The wind stress applied in the model experiments 
(a) the winter wind stress; (b) the summer wind stress.

4.1.3. Initial and lateral boundary conditions

The initial and boundary conditions for the runs using the MICOM model are as 

following: the initial layer depths were set to 100, 500, 2000, and 4000m with the 

density “sigma-f ’ (a t = p -  1000 where p is the density of seawater) of each layer 

being 24.0, 27.0, 27.6, and 27.8 respectively (Figure 4.3). The top surface layer 

(mixed layer) acts as an Ekman layer with the interface between the first two layers 

free to vary. At the lateral boundaries the non-slip boundary condition was applied.
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The bottom friction parameter was set to 0.003. For the POLCOMS model, the 

numbers of vertical layer were set to 5 equal layers. Other parameters were the 

default which described in Chapter 3.

4.2. Model performance and its stability

The experiments with the POLCOMS model were carried on the former super 

computer at Manchester University and the Cluster of Proudman Oceanographic 

Laboratory (POL). The experiments with the MICOM model have been carried out 

on a Linux box at the Department o f Earth and Ocean Sciences, University of 

Liverpool. The model experiments were set to start from rest and run up to 10 years. 

In all experiments the models showed a good stability after a spin-up time o f about 3

4 months (POLCOMS) and 2-3 years (MICOM - Figure 4.5). It is usually difficult 

for basin-scale and global general circulation models to reach a state of statistical 

equilibrium under the applied forcing. The deep ocean requires hundreds o f years to 

adjust, and the upper ocean requires about 50 years or so (Navy Operational Ocean 

Circulation and Tidal Models, 2003). Therefore with 10 years o f model run as in the 

experiments, the deep flow is unlikely to fully come to an equilibrium state, but we 

can expect the barotropic flow to adjust.

Figure 4.5: Kinetic energy o f the model experiments (MICOM model).
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4.3. Wind-driven circulation and volume transport
4.3.1. The Sverdrup balance

In a large scale open ocean, the temporal acceleration and advection of velocity 

terms are very small compared to the Coriolis acceleration (Ro=U/(fL) «  1). The 

Sverdrup balance for the depth-integrated meridional transport at steady state is 

given by neglecting bottom drag as follows:

r° 1 ( d r l 3 r s 1[ vdz = —
J - H  p <5, cLv J y /

(4.1)

where B is the meridional gradient in planetary vorticity {fi=df/dy), f vdz is theJ—H

depth integrated meridional velocity, H is the depth of the ocean, ts is the surface 

wind stress, the subscripts x,y denote the eastward and northward components.

The stream function of volume transport predicted for the Case 4.1 with the winter 

wind stress (Figure 4.4.a) using Sverdrup balance (4.1) shows two strong gyres, 

symmetrical about the Equator with maximum of meridional volume transport along 

the western boundary of about 40Sv (Figure 4.6). In the case of the summer wind 

stress (Figure 4.4.b), there are instead 4 symmetric gyres can be seen, each 

hemisphere has two gyres (Figure 4.7). This case, due to increase in the wind stress 

the maximum volume transport of gyres increased up to 70Sv.

Sverdrup balan ce  for the flat bottom  m odel (Sv) wind stre ss  wind curl

Figure 4.6: The stream function o f the interior volume transport predicted by Sverdrup 
balance, (the winter wind stress -  the contour interval is 5 Sv).
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Sverdrup balance  for the fla t bottom  m odel (S v ) wind stre ss  wind curl

Figure 4.7: The stream function o f the interior volume transport predicted by 
Sverdrup balance, (the summer wind stress- the contour interval is lOSv).

4.3.2. MICOM model experiments

4.3.2.1 The classical rectangular domain (Case 4.1)

•  The winter wind stress

Figure 4.8 shows the circulation driven by the purely zonal winter wind stress 

(Figure 4.4.a). With all boundaries closed and the northern and southern boundaries 

limited at 25°N and 25°S respectively, the model produced two main anticyclonic 

gyres o f the ocean circulation, anticlockwise gyre in the northern hemisphere and 

clockwise gyre in the southern hemisphere.

On either side of the Equator the current systems involving in a gyre including two 

zonal currents polewards and equatorwards o f the gyre centre, and two other currents 

that close the gyre, the so-called western and eastern boundary currents. Among 

them the western boundary current is faster, narrower and deeper than the eastern 

boundary current. The intensification of the western boundary current along the 

boundary was first explained by Stommel (1948) as related to planetary vorticity or 

the variation o f the Coriolis parameter (pseudo force) with latitude.

In the northern hemisphere, the strong western boundary current (40-50cm/s) flows 

polewards, from the Equator and low latitude to a higher latitude, and represents the
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warm water currents such as Gulf Stream and Kuroshio systems in reality. The 

weaker eastern boundary current flows equatorwards, from high latitude to the 

Equator, represents the cold currents such as the California or Canary Currents. In 

the southern hemisphere these current systems are also polewards and equatorwards, 

the western boundary current flowing polewards from the Equator (e.g. Brazil, East 

Australia, Agulhas), the eastern boundary current flowing equatorwards to the 

Equator (e.g. Peru, Benguela, West Australia).

In terms of volume transport the results o f the MICOM model closely match the 

Sverdrup balance in terms of location o f gyres and the volume transport of the 

interior basin. In the northern hemisphere, in accordance with the negative wind 

stress curl is a clockwise gyre, centered at the maximum of the wind stress curl 

(12.5°N latitude) with a volume transport reaching 40 Sv. The anti-clockwise gyre 

present in the southern hemisphere is a result of changing of the sign of wind stress 

curl from negative to positive (Figure 4.9).

The stream function of the interior volume transport of both MICOM model and 

Sverdrup balance, plotted along a north-south cross-section at the longitude of about 

10 degrees away from the western boundary, shows that the volume transport of the 

MICOM model matches Sverdrup balance (Figure 4.10). The comparison at 

locations closer to the western boundary shows a small difference between MICOM 

and Sverdrup (not show). An important difference between model and the Sverdrup 

balance is the model certainly has some friction while bottom drag is neglected in the 

theory of Sverdrup. This therefore can contribute to the difference between the 

theory and numerical model results.

•  The summer wind stress

The summer wind stress has been generated by setting a zonal west wind in the 

northern hemisphere, and a zonal east wind in the southern hemisphere (Figure

4.4.b). This makes the wind stress more intense in each hemisphere, consequently 

producing a higher wind stress curl compared to the winter wind stress. The change 

of wind forcing to the summer wind stress has significantly changed the circulation 

and volume transport by increasing the number of gyres and the strength of the 

circulation and volume transport (Figures 4.11 & 4.12).
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Being driven by the summer wind stress, the circulation system is separated into four 

gyres, two gyres in each hemisphere. The western boundary current of gyres are 

strengthened in response to the increased wind stress curl with speed reaching 

approximately 100 cm/s and volume transport reaching 70 Sv. In each hemisphere 

the major dividing lines between gyres correspond to the latitude o f the zero wind 

stress curl, which is 12.5° on either side of the equator. According to the reversal of 

the wind stress, the gyres in the north and south of the Equator are equivalent. As in 

the case o f the winter wind stress, the MICOM model again shows a good agreement 

with Sverdrup balance in terms of the volume transport of the interior water (Figure 

4.13).

Circulation of the mixed layer wind stress wind curl

Figure 4.8. The mean circulation o f the mixed layer produced by MICOM model
(Case 4.1, the winter wind stress).
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Pai of Micom model (S v ) wind atresa wind curl

Figure 4.9. The stream function o f volume transport 
(Case 4.1, the winter wind stress).

P si of Sverdrup balan ce  and Micom m odel(Sv) wnd atresa wind curl

Figure 4.10. The comparison o f stream function beetwen Sverdrup balance and 
MICOM model (Case 4.1, the winter wind stress). The location is Iff1 o f longitude

away from the western boundary.
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Circulation of the mixed layer wind stress wind curl

Figure 4.11. The mean circulation o f the mixed layer produced by MICOM model.
{Case 4.1, the summer wind stress).

P si of Micom m odel (S v ) wind stre ss wind curl

Figure 4.12. The stream function o f volume transport 
(Case 4.1, the summer wind stress).
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P sl of Sverdrup b a lan ce  and Micom m odel(Sv) wind stre ss  wind curl

Figure 4.13. The comparison o f stream function beetwen Sverdrup balance and 
MICOM model (Case 4.1, the summer wind stress). The location is l ( f  
o f longitude away from the western boundary.

4.3.2.2. Effect o f a submerged barrier in the middle o f the domain (Case 4.2)

When a barrier is submerged in the middle of the domain, it divides the whole 

domain into two equal sub-basins with a shorter zonal length scale. The eastern flank 

of the barrier acts as western boundary for the eastern basin, the western flank acts as 

an eastern boundary for the western basin. The submerged barrier almost blocks the 

movement o f water between the eastern and western parts of the domain, and as a 

result completely changes the picture of the circulation and volume transport.

Figures 4 . 14 - 4 . 17  show the model results of Case 4.2, driven by the winter wind 

stress and the summer wind stress respectively. Although the sub-basins are 

connected through a shallow channel, the gyres almost develop within the sub-basins. 

The number of gyres and their strength depends on the applied wind stress. When the 

system was forced by the winter wind stress, there only two gyres develop in each 

sub-basin, but increase to four gyres when forced by the summer wind stress. 

Although the strength of the wind stress is kept the same as in the case of the blank 

domain, but with the shorter west-east length scale the strength o f the western
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boundary currents and volume transport are decreased. In the case of forcing by the 

winter wind stress, the centre o f the stream function of volume transport (centre of 

gyre) in the western basin moves closer to the Equator and has a higher value (20 Sv) 

compared to the eastern basin (15 Sv). The higher meridiunal volume transport o f the 

western basin compared to the eastern basin can be explained by the Sverdrup balance 

as the volume transport is integrated from the eastern boundary.

Along the shallow channel there is only barotropic flow. In the case of the winter 

wind stress a strong westwards current occurs along the Equator in responding to the 

higher strength of the westwards wind stress, the return flow from the western basin 

to the eastern basin appears along the northern and southern banks of the channel 

with smaller velocity as the strength o f the wind stress in these regions is decreased 

(Figure 4.14) and the effect of boundary friction. In the case of the summer wind 

stress, the current pattern in the shallow channel is changed according to the change 

o f the wind stress. The current along the Equator is almost zero as result of the 

reduction of the wind stress to nearly zero. In the northern part, a strong eastwards 

current occurs along the northern bank of the channel (stronger wind stress) while a 

weaker westwards current is present near the Equator (weak wind stress). Due to the 

reversal of wind stress over the Equator the situation in the southern part o f the 

channel is in the opposing direction, a strong westwards current occurs along the 

southern bank of the channel, and a weaker eastwards current presents near the 

Equator (Figure 4.16).
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Figure 4.14. The mean circulation o f the mixed layer produced by MICOM model
{Case 4.2, the winter wind stress).

P si of Micom model (S v ) wind stre ss  wind curl

Figure 4.15. The stream function of volume transport
(Case 4.2, the winter wind stress).
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Circulation of the mixed layer u/ind stress wind curl

Figure 4.16. The mean circulation o f the mixed layer produced by MICOM model
(Case 4.2, the summer wind stress).

P si of Micom model (So ) wind stre ss  wind curl

(N /m 2)
Figure 4.17. The stream function o f volume transport

(Case 4.2, the summer wind stress).
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4.3.2.3. Effect o f opening the deep channel (Case 4.3)

If the eastern basin in the one channel domain is considered as “the Pacific ocean”, 

the western basin as “the Indian ocean” and the shallow channel represents the 

channels in the Southeast Asia region then opening a deep channel will allow a 

partial reproduction of the ACC. Unlike the Case 4.2 where water exchange between 

basins only occurs within a limited water depth in the shallow channel, in Case 4.3 

the water exchange can take place in both the shallow and the deep channels which 

potentially increases the volume transport between the basins.

It can be seen from the Sverdrup balance and the previous experiments that gyres do 

not generally cross the line o f zero wind stress curl, therefore opening the deep 

channel would not be expected to effect the circulation and volume transport in the 

northern hemisphere. The model results show that this seems to be correct for the 

eastern basin, but not for the western basin where the stream function of the volume 

transport expands southwards over the Equator (i.e. crossing the line of zero wind 

stress curl).

When driven by the winter wind stress, the influence of opening the deep channel on 

the circulation and volume transport in the southern hemisphere is very strong and 

clear, particularly in the western basin. The water in the western basin flowing along 

the southern boundary is now able to flow back to the eastern basin through the deep 

channel. To compensate for this amount of eastwards transport, the current velocity 

in the shallow channel (southern half) and the western boundary are increased 

(Figure 4.18), as a result of increasing the water exchange between the basins in the 

southern hemisphere. The stream function of the volume transport of the western 

basin shows a very high value along the western boundary (70-90 Sv). The total 

amount of westward transport through the shallow channel is about 63.5 Sv but the 

contribution of the southern half is about 54.3 Sv, nearly 6 times higher than the 

contribution of the northern half (9.2 Sv). Unlike the southern hemisphere, the 

opening of the deep channel does not influence the circulation in the northern 

hemisphere very much. The circulation and stream function of volume transport in 

the northern hemisphere are rather similar with the case of one channel domain in 

terms of pattern and strength. The volume transport of the western boundary current
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is about 10-15 Sv in the eastern basin, and 15-20 Sv in the western basin (Figure

4.19) .

When the driving force is the summer wind stress, the circulation pattern is rather 

different in comparison to the circulation in the case o f winter wind stress (Figure

4.20) . The flows at about 12° latitudes (both northern and southern hemispheres) are 

strengthened, and the strong current flowing from the western basin to the eastern 

basin along the southern boundary in the case of winter wind stress is weakened. The 

change o f the circulation pattern due to the change o f the wind stress results in a 

change in the volume transport between the basins. The stream function o f volume 

transport (Figure 4.21) shows that, in the southern hemisphere, the meridional 

transport along the western boundary of the western basin is strongly decreased 

(from ~70 Sv to ~20 Sv). In the deep channel there is also a large change in volume 

transport between the basins. This will be discussed more in the section 4.4.2.

4.3.2.4. Effect o f change o f the shallow channel’s width and latitude 

• Change of shallow channel width

Figures 4.22 - 4.24 show the models results of the one channel domain when the 

channel is reduced to a quarter of its original width (Case 4.4), driven by winter wind 

stress. When the shallow channel is narrowed it reduces the water exchange between 

basins, decreasing the meridional transport along the western boundary in the 

western basin and moving the centre of the gyres father north and south away from 

the equator to the location o f the maximum of the wind stress curl. In the shallow 

channel, a strong westward current occurs in the middle, the weaker eastwards 

currents occur along the northern and southern banks in responding to the strength of 

wind stress and boundary friction (Figure 4.23).

Figures 4.25 and 4.26 show the model results of two-channel domain where the 

shallow channel has been narrowed and driven by winter wind stress (Case 4.5). In 

the Case 4.5, there is only strong westward current in the shallow channel and 

weaker eastwards current in the deep channel. The meridional volume transport 

along the western boundaries is increased in comparison with the one narrow 

channel, particularly in the southern hemisphere part of the western basin.
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Circulation of the mixed layer wind stress wind curl

Figure 4.18. The mean circulation o f the mixed layer produced by MICOM model
(Case 4.3, the winter wind stress).

P si of Micom model (S v ) wind stre ss  wind curl

Figure 4.19. The stream function of volume transport
(Case 4.3, the winter wind stress).
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Circulation of the mixed layer wind stress wind curl

Figure 4.20. The mean circulation o f the mixed layer produced by MICOM model
(Case 4.3, the summer wind stress).

Pai of Micom model (S v ) wind stre ss  wind curl

Figure 4.21. The stream function o f volume transport
(Case 4.3, the summer wind stress).
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• Change of the latitude of the shallow channel

When the shallow channel is shifted south (Case 4.6), the northern hemisphere is still 

separated from the southern hemisphere through the line of zero wind stress curl 

along the Equator. The stream functions o f volume transport in the north of the 

basins are almost identical (Figure 4.27). In the southern hemisphere the strength and 

pattern of the stream function o f volume transport in the eastern basin is still the 

same, but not in the western basin. The depth-integrated stream function in the 

western basin has increased its strength to compensate for the amount o f water 

flowing eastward through the deep channel. This increase is associated with the 

strong westward jet along 15°S (Figure 4.28).

There is only an eastward current along the deep channel, but both westwards and 

eastwards currents present in the shallow channel. According to the difference in the 

strength of the wind stress over the channel (stronger in the northern bank and 

weaker in the southern bank), the velocity of the westward current along the northern 

bank o f the shallow channel is higher than the eastward current along the southern 

bank (Figure 4.29).

Figures 4.30, 4.32 show the model results when the shallow channel shifted north 

(Case 4.7). The strength of currents in the deep channel and shallow channel are 

similar to the previous case, only an eastward current is present in the deep channel. 

Westward and eastward currents both occur in the shallow channel, but this time the 

speed o f westward current along southern boundary is higher than the eastward 

current along the northern boundary (Figure 4.31).

In both cases when the latitude of the shallow channel has been moved, the dividing 

line between northern and southern hemisphere gyres remains at the Equator where 

the wind stress reaches the maximum value and the curl is zero.
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Circulation of the mixed layer wind stress wind curl

Figure 4.22. The mean circulation o f the mixed layer produced by MICOM model (Case 4.4,
the winter wind stress).

Figure 4.23: The current pattern 
and wind stress in the shallow 
channel.

{30 cm /s) Wind stress (N/m2)
Pei of Micom m odel (S v ) wind s tre ss  wind curl
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Circulation of the mixed layer wind stress wind curl

Figure 4.25. The mean circulation o f the mixed layer produced by MICOM model
(Case 4.5, the winter wind stress).

(N /m 2)

Figure 4.26. The stream function of volume transport
(Case 4.5, the winter wind stress).
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P si of Micom m odel (So ) wind s tre ss  wind curl

Figure 4.27. The stream function o f volume transport (Case 4.6, the winter wind stress).
Circulation of the mixed layer wind stress wind curl
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EQ
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Figure 4.28. The mean circulation o f the mixed layer produced by MICOM model
(Case 4.6, the winter wind stress).

Figure 4.29: The current pattern 
and wind stress in the shallow 
channel.
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Circulation of the mixed layer wind stress wind curl

10E 20E 3 0 E 40E 50E  6DE 70E B 0 E -0 .2 -O .1  0 0.1 0 .2 - 2  - 1 0  1 2

(cm /s) (N /m 2)
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Figure 4.30. The mean circulation o f the mixed layer produced by MICOM model
(Case 4. 7, the winter wind stress).

Figure 4.31: The current pattern 
and wind stress in the shallow 
channel.

^  ( 9 0  c m / s )  w in d s tre s s  ( N / m 2 )

P si of Micom model (S v ) wind s tre s s  wind curl

0 10E 20E 3 0 E 40E  50E  6DE 70E B 0 E -0 .2 -0 .1  0 0.1 0 . 2 - 2  - 1 0  1 2

(N /m 2)
Figure 4.32. The stream function o f volume transport (Case 4.7, the winter wind stress).
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4.4. Volume transport between the basins and at the shallow channel

One of the main objectives of the research is modelling the water exchanges between 

the Pacific Ocean and the Indian Ocean through the passages in the Southeast Asia 

region. Understanding the water exchange between the basins, particularly in the 

shallow channel of the idealised model experiments, will help construction o f the 

realistic model experiments and later understand the results o f the realistic 

topography and wind forcing model in this complex region.

To examine the water exchange between the basins, total fluxes across meridional 

sections located at the middle of the domains are calculated. Table 4.1 shows the 

total volume transport between the basins of the idealised experiments.

4.4.1. Volume transport of Case 4.2

In Case 4.2, the water exchange between the basins occurs only at the shallow 

channel. A net transport between the basins is not permitted or in other words the 

value o f the net transport needs to be zero to satisfy mass conservation.

In the case of forcing by the winter wind stress, there is only a westwards wind stress 

over the channel. This wind stress produces approximately 17.0 Sv of westwards 

volume transport from the eastern basin to the western basin through the middle of 

the channel reflecting the sign and strength o f the wind stress. To maintain the mass 

conservation of the whole domain there is an equivalent amount of eastwards 

transport from the western basin to the eastern basin along the northern and southern 

banks o f the channel. In the case of forcing by the summer wind stress, the northern 

half o f the channel is driven by the eastward wind stress, while the southern half is 

driven by the westward wind stress. This pattern of wind stress has increased 

approximately 1.5 times o f the water exchange between the basins (Table 4.1).
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4.4.2. Volume transport of Case 4.3

In Case 4.3, water exchange between the basins occurs in both the shallow and deep 

channels. Although a net volume transport is still not permitted between the basins, 

but with the presence o f the deep channel a net transport in the shallow channel is 

likely to occur. In comparison with the one channel domain, opening the deep 

channel increases the water exchange between the basins (Table 4.1).

In the case o f forcing by the winter wind stress, in the shallow channel there are both 

westward and eastward transports, but the net integrated transport over the channel is 

westwards, with the total amount of about 63.57Sv, equivalent to the eastward 

transport through the deep channel. In the case o f forcing by the summer wind stress, 

due to the change in circulation as mentioned in the section 4.3.2.3 there are 

significant changes of the volume transport. In the shallow channel the westward 

transport is about 21.96 Sv, and the eastward transport of about 26.86 Sv giving an 

eastward transport for the net volume transport with the magnitude of about 4.90 Sv. 

In the deep channel, the eastwards transport (~ 4.54 Sv) occurs in the surface layer 

(mixed layer), but there is a westwards transport in all the deep layers with a 

magnitude o f about 9.55 Sv. This led to an overall westward depth-integrated 

transport of 5.01 Sv (Table 4.1, Figure 4.33). These results show that the wind 

regimes play a very important role, and dictating the volume transport between the 

basins in both magnitude and direction.

Figure 4.33: The volume transport in the channels under different wind regimes.
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In order to examine the sensitivity of the volume transport to the change o f the wind 

forcing, the strength o f the wind speed over the whole domain has been doubled. 

When doubling the wind speed, the increase of wind stress is different between the 

winter and summer wind patterns. In the case of the winter wind, due to its pattern 

the wind stress over the shallow channel has more increase than over the deep 

channel. In the case o f the summer wind the increase o f wind stress over the deep 

channel is higher than that in the winter wind. The result shows that the water 

exchange between the basins has increased in response to the change o f the wind 

speed, but the magnitude of the volume transport is not exactly proportional to the 

increase of the wind speed where doubling the wind speed results in 2.5 times an 

increase of the total volume transport in the winter wind, and an 1.5 times increase in 

the summer wind (Table 4.1). The difference can be explained as the increase of the 

wind stress over the channels is different between the winter and summer wind 

patterns.

4.4.3. Volume transport responds to changes of the shallow channel’s width and 
latitude

4.4.3.1. Change o f the channel's width

The passages in the Southeast Asia region are rather narrow. Therefore, in order to 

investigate the water exchange between the basins, the shallow channel of the 

idealised model has been narrowed by a factor o f 4. This is expected to give a closer 

result to reality.

The result shows that in Case 4.4, when driven by the winter stress, and narrowing 

the channel to a quarter of its original width leads approximately to a decrease of the 

transport to an eighth of the exchange between the basins (Table 4.1). In Case 4.5, 

when the model is forced by the winter wind stress, the narrowing o f the shallow 

channel results approximately to a halving of the water exchange between the basins, 

and when driven by the summer wind stress to a decrease to a sixth. In the shallow 

channel there is only westward transport (Figure 4.34).

4.4.3.2. Change o f  the channel’s latitude

The winter wind stress was used to examine the effect o f moving the latitude of the 

shallow channel. The model results are as follow:
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• When shifting the shallow channel to the south (Case 4.6) and the north (Case 

4.7) o f the equator, the strength o f wind stress over the channel is decreased. This 

decreases the current velocity in the channels and as a result reducing the water 

exchange between the basins (Table 4.1) by a factor of about 3. Shifting the 

shallow channel to the north (Case 4.7) produces less volume transport (70% 

reduction) in comparison with shifting it to the south (Case 4.6) (58% reduction).

• In the shallow channel, there are both westward and eastward volume transports, 

but the net integrated transport is westward here (Figure 4.34). In the deep 

channel, in both cases, the volume transport has an opposing eastward direction.

■ Net transport

■ Eastwards transport

■ Westwards transport

-40 -30 -20 -10 0 10
S V

Figure 4.34: The volume transport exchange between the basins in the shallow 
channel when the channel’s width and latitude changed.

4.5. Testing Godfrey’s Island Rule (GIR) for Cases 4.3,4.5 and 4.7

4.5.1. Godfrey's Island Rule

Godfrey’s original Island Rule (Godfrey, 1989) can be summarised as following:

Imagine a closed rectangular ocean basin 0<x<L, 0<y<B. In the basin there is a 

rectangular island, W<x<E, S<y<N (Figure 4.35). According to the Island Rule, the 

total transport around the island is given by
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T =1 n
j>r »ds

P o i f N - f s ) '
(4.2)

Where: Ta is the total depth-integrated mass transport around island, r  is the time 

averaged wind stress, ds is the locus o f the path of integration, pQ is the mean water 

density (103 kg m'3), f y  and fs  are the values of the Coriolis parameter of the 

latitudes o f the north and south extremities of the island.

B

0 L
Figure 4.35: The plan view of the domain 
for calculation of the volume transport 
around an island by Godfrey’s island rule
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4.5.2. Calculation o f transport around an island

When using the formula 4.3 for calculating the mass transport around the island for 

idealised geometries (Cases 4.3, 4.5, and 4.7), we have p0t ft  are constants, and X  in 

all cases is unchanged. Therefore T0 only depends on the difference of the wind 

stress between the island extremities (x.v-xs) and Y. According to the change o f the 

geometries, the integral path varied between Cases 4.3, 4.5 and 4.7 as shown in 

Figures 4.36, 4.37, and 4.38. Note that in all cases the width of the deep channel is 

unchanged and there is only small westward wind stress over it.

As shown in the formula 4.1, the “correct” GIR uses the wind stress at the northern 

and southern latitude of the island extremities. However, in both winter and summer 

the wind stress over the deep channel varies slightly, while over the shallow channel 

there is a big difference, especially in the summer there is both westward and 

eastward wind stress in the shallow channel. Therefore we suspect that the “correct” 

wind stress may not give total mass transport in the channel. Thus besides calculating 

T0 using the “correct” GIR we have carried out further calculation with the average 

o f wind stress over the channels (i.e. xn is the average wind stress over the shallow 

channel and xs is the average of wind stress over the deep channel).

The results o f calculating the total depth-integrated mass transport by using GIR and 

the volume transport calculated by the numerical model (MICOM model) are shown 

in Table 4.2. It is very interesting that when using the wind stress exactly at the north 

and south latitudes of the island extremities (Table 4.3), the magnitude o f volume 

transport is quite different compared to the transport calculated by the MICOM 

model. Especially in Case 4.3, To increases while MICOM output shows a decrease. 

When using the average values of the wind stress over the shallow channel and deep 

channel (Table 4.4), the results show a rather good agreement between the two 

methods in terms of the magnitude o f the transport and the sign.
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Figure 4.36: The integration path 
for calculation o f the volume 

transport using GIR -  Case 4.3

Figure 4.37: The integration path 
for calculation o f the volume 
transport using GIR - Case 4.5

Figure 4.38: The integration path 
for calculation o f the volume 

transport using GIR -  Case 4.7

Table 4.2: Volume transport around island calculated by using GIR and the volume 
transport in the shallow channel calculated by MICOM model.

Unit: Sv
Case 4.3 Case 4.5 Case 4.7

Winter 
wind stress

Summer 
wind stress

Winter 
wind stress

Summer 
wind stress

Winter 
wind stress

T o-G IR  (c) -37.63 -58.29 -39.70 0.00 -15.43
T o-G IR  (a) -58.96 1.53 -41.70 0.93 -10.82
To- M IC O M -63.56 4.90 -34.78 -0.43 -4.87

Note:
To-GIR (c): volume transport around island calculated by GIR using the 
“correct” wind stress; To-GIR (a): volume transport around island calculated 
by GIR using the average wind stress; To-MICOM: volume transport in the 
shallow channel (calculated by MICOM model); negative values show 
transport from the eastern basin to the western basin and vice versa. (The GIR 
transport is conventionally positive anticlockwise around the island, but the 
sign has been changed in the Table to conform to the convention used here, 
namely westward ITF is negative).
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Table 4.3: The wind stress at the latitudes o f  the north and south extremities o f  the
island.

Unit: N/m2
Case 4.3 Case 4.5 Case 4.7

Winter 
wind stress

Summer 
wind stress

W inter 
wind stress

Summer 
wind stress

W inter 
wind stress

North extremity (x,v) -0.08987 -0.14885 -0.15418 -0.01479 -0.10055

South extremity (xs) -0.00331 -0.01479 -0.00331 -0.01479 -0.00331

tN - X's -0.08656 -0.13406 -0.15087 0.00 -0.09724

Table 4.4: Average o f wind stress over the shallow and deep channels.

Unit: N/m2
Case 4.3 Case 4.5 Case 4.7

Winter 
wind stress

Summer 
wind stress

Winter 
wind stress

Summer 
wind stress

W inter 
wind stress

Shallow channel (t^) -0.13641 0.00000 -0.15927 0.00000 -0.06897

Deep channel (xs) -0.00080 -0.00352 -0.00080 -0.00352 -0.00080

Vn - Xs -0.13561 0.00352 -0.15847 0.00352 -0.06817

Case 4.3: There is a rather large difference between the transport calculated using 

the “correct” GIR and the volume transport o f the numerical model (MICOM 

model). The calculation in winter gives a much lower mass transport compared to the 

numerical model, and the calculation in summer gives an increase of total mass 

transport which is opposite to the MICOM result. The increase of the transport in 

summer can be explained as following: in summer, there are both westward and 

eastward wind stress in the shallow channel, meaning that there are both westward 

and eastward transport, but the wind stress used for the calculation was only the wind 

stress at the north extremity which is westward direction (meaning that only 

westward transport is taken into account). This leads to a large difference of ( t ,y - t .s' ) ,  

and as consequence leading to increase o f Ta.

When using average wind stress over the channel, both westward and eastward of 

transport in the shallow channel are taken into account. Due to the balance o f the 

wind stress, the net transport produced by wind stress in the shallow channel is zero. 

However due to the existence of the westward wind stress in the deep channel which 

producing a westward transport, an eastward transport occurs in the shallow channel 

to compensate the westward transport in the deep channel.
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Case 4.5: There is a good agreement o f volume transport calculated by GIR (both 

“correct” and average wind stress) and numerical model. The reason why the 

“correct” wind stress gives good agreement with average wind stress and numerical 

model can be explained as following: due to the width of the shallow channel is 

reduced to a quarter o f its original width (Case 4.3), the magnitude of the wind stress 

at the north extremity is close to the average of wind stress over the channel. 

Therefore the transports produced by both kind of wind stress are similar.

Case 4.7: Result of calculating the mass transport around the island using the 

“correct” wind stress and the average wind stress is higher than that of the MICOM 

model. But the outcome o f the average wind stress is smaller, as a result o f smaller 

(tv-ts), and so closer to the numerical model.

In all these Cases the deep channel is not very far south relative to the wind, so that 

the water in the channel is not properly driven by westerly winds. With the fact that 

the wind stress in the deep channel in both cases (winter and summer) does not 

change very much, the wind stress’s patterns in the shallow channel dictate the 

volume transport between the basins. An important difference between the theory 

and the model is that the GIR theory is inviscid, i.e. there is no friction, while the 

model certainly has some friction. This therefore can contribute to the difference 

between the GIR and numerical model results.

4.6. POLCOMS model

Several model experiments with different idealised geometries and wind forcing 

were carried out using the POLCOMS model. In terms of circulation the model 

results (Figures 4.39 and 4.40) show that POLCOMS can reproduce rather well some 

physical phenomena such as basin scale gyres, boundary currents, equatorial current 

system, especially the equatorial counter current which has not been clearly seen in 

the experiments with MICOM model. Unfortunately, there was a problem with the 

conservation of the water mass which could not be resolved. The calculation of the 

volume transport exchange between the basins at the meridional cross-section in the 

middle of the domain shows that during 20 years of model run, there was always a 

net o f volume transport from the eastern basin to the western basin, which is not 

consistent with volume conservation. This maybe a problem with the model itself but
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it could also coming from incorrect setup of the model parameters. However, this 

problem in combination with the difficulty in computer resources led to the decision 

not to use the POLCOMS model for the experiments with realistic topography and 

forcing.
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Figure 4.39. The mean velocity o f circulation (streamline o f  velocity) o f Case 4.2, 
POLCOMS model, forced by the winter wind stress.

Figure 4.40. The mean velocity o f circulation (streamline o f  velocity) o f Case 4.3, 
POLCOMS model, forced by the winter wind stress.
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4.7. Summary

In all idealised experiments, the models showed good stability after a spin-up time of 

about 3 years. The physical oceanographic phenomena were well reproduced; the 

basin scale gyres, the boundary currents, and the equatorial currents were all clearly 

seen. The results from the MICOM model closely match with the Sverdrup balance 

in terms o f the location o f gyres and the interior volume transport. It can also be seen 

from the Sverdrup balance calculation and the numerical model experiments that in 

each hemisphere the major dividing lines between the gyres corresponded to the 

latitude o f the zero wind stress curl, and the gyres do not generally cross the line of 

zero wind stress curl.

In Case 4.2, when a barrier is submerged in the middle of the domain, it almost 

blocks the movement o f water between the basins, and completely changes the 

picture o f the circulation and volume transport. In this case, the gyres almost develop 

within the basins only, and with the shorter west-east length scale the strength of the 

western boundary currents and volume transport in the basins are decreased. The 

changes in the applied driving force (the winter wind stress or the summer wind 

stress) can make significant changes in the circulation and volume transport such as a 

change in the number of gyres, changes in the strength of the circulation and volume 

transport.

When a deep channel is opened (Case 4.3), the water in the western basin is able to 

flow back to the eastern basin through the deep channel. This has a very strong and 

clear influence to the circulation and volume transport between the basins, especially 

in the southern hemisphere. In the case o f forcing by the winter wind stress, the total 

amount o f the westward transport through the shallow channel is about 63.5 Sv but 

the contribution of the southern half is about 54.3 Sv, nearly 6 times higher than the 

contribution of the northern half (9.2 Sv). When the driving force is the summer 

wind stress, the meridional transport along the western boundary of the western basin 

is strongly decreased (from ~70 Sv to ~20 Sv). There is a little influence o f opening 

the deep channel to the northern hemisphere. The circulation and stream function of 

volume transport in the northern hemisphere are rather similar to Case 4.2 in terms of 

the pattern and strength.
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The model result shows that the volume transport between the basins is sensitive to 

changes in strength o f the wind stress, but the magnitude o f the volume transport is 

not exactly proportional with strength of the applied wind where doubling the wind 

speed results in 2.5 times an increase of the total volume transport for the winter 

wind, and a 1.5 times increase in the case of the summer wind.

When the shallow channel was narrowed by a factor o f 4 (Case 4.4), it reduces by 

approximately 8 times the water exchanged between basins (driven by the winter 

stress). In Case 4.5, when the model is forced by the winter wind stress, narrowing of 

the shallow channel results approximately in a halving o f the water exchanged 

between the basins; it is a sixth when driven by the summer wind stress. In the 

shallow channel there is only westward transport.

The change of the narrow channel’s latitude has a strong influence on the total water 

exchange between the basins. When shifting the shallow channel to the south o f the 

Equator (Case 4.6) there is 58% reduction o f the volume transport. There is a 70% 

reduction when shifting the channel to the north (Case 4.7).

It is very interesting that the transport calculation using the “correct” GIR did not 

give good result compared to the MICOM model but that by changing the wind 

stress to the channel average the calculated transport is much more like the numerical 

model.

In summary the volume transport reproduced by MICOM model closely matches 

with the Sverdrup balance. The model results have shown that the volume transport 

between the basins is sensitive to the applied wind regime, the strength of the wind 

stress, and the topography. Although successfully reproducing the classical wind- 

driven flow, especially the equatorial counter current, due to problems with water 

mass conservation and computer resource, the POLCOMS model was not selected 

for the realistic topography and forcing experiments. The MICOM model was 

successfully setup and reproduced the circulation, volume transport and its responses 

to changes o f topography and forcing. Therefore the MICOM model is used in the 

experiments with the realistic topography and forcing as presented in the next 

chapter.
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C h a p t e r s

MODELLING CIRCULATION AND VOLUME TRANSPORT 
IN THE SOUTHEAST ASIA REGION

5.1. Introduction

In this Chapter, a series o f the model experiments using realistic topography and 

forcing to simulate the circulation and volume transport of the throughflow between 

the Pacific and Indian Oceans through the Southeast Asia region will be presented. 

Throughout the model experiments, the variability of the Indonesian throughflow 

(ITF), the main driving forces o f the ITF and the main characteristics of the ITF will 

be discussed and compared with the observations and other studies where possible. 

The focus o f the analysis will be on the volume transport of the throughflow and its 

variability. The list of model run is shown in Table 5.1.

5.2. The model experiments with wind stress alone

The ITF has been a subject of investigation in numerous analytical and numerical 

studies. In the study of Hirst and Godfrey (1994), a depth-integrated numerical ocean 

model was used to test the hypothesis o f the Godfrey’s island rule to show that the 

wind stress is the governing force o f the throughflow. The relationship between the 

wind stress and the ITF on inter-annual time-scales was further investigated in the 

numerical model studies o f Wajsowicz (1995; 1996). The studies of Wajsowicz 

(1995; 1996) showed that the variability o f the ITF largely correlated with wind 

variations. In the previous Chapter, the results o f the idealised model experiments 

also showed that the wind stress over the domain can produce a rather high volume 

transport between the basins. Therefore the first model experiments with the realistic 

topography and forcing were carried out with wind stress as the only driving force.
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Table 5.1: List o f the model runs.

Domain Forcing

Wind stress Thermal forcing (temperature & salinity)

Case 5.1 Domain 1 ECMWF No thermal forcing.

Case 5.2 Domain 2 ECMWF No thermal forcing.

Case 5.3 Domain 2 NCEP No thermal forcing.

Case 5.4 Domain 2 NCEP Annual mean tem perature and salinity in 
the mixed layer.

Case 5.5 Domain 2 NCEP Annual mean temperature and salinity in 
the mixed layer, and increase the number of 
vertical layers from 4 to 6.

Case 5.6 Domain 3 NCEP 5 flat layers in vertical, no thermal forcing.

Case 5.7 Domain 2 NCEP Monthly mean temperature and salinity 
with 1 year o f relaxation for all layers.

Case 5.8 Domain 2 No wind No relaxation at all.

Case 5.9 Domain 2 No wind No relaxation o f mixed layer, deep layers 
relaxed.

Case 5.10 Domain 2 No wind 1 year relaxation for tem perature and 
salinity.

Note:
Domain 1: partital Indian Ocean and partial Pacific Ocean.
Domain 2: whole Indian Ocean and partial Pacific Ocean.
Domain 3: whole Indian Ocean and whole Pacific Ocean.

5.2.1. The model experiment with the partial Indian Ocean (case 5.1)

5.2.1.1 Model configuration

The geographical domain of the model was chosen to cover a region from 40°N to 

60°S and 80°E to 185°E, hereafter referred to as the Domain 1 (Figure 5.1). All the 

boundaries are closed and located rather far away from the region of interest (the 

Southeast Asian region) to capture the physical features of the Pacific and the Indian 

Oceans, and to reduce the effect of boundary conditions to the study region. The 

horizontal resolution of the model is 0.5° in both zonal and meridional directions. In 

the vertical there are 4 layers with the initial layer interface depths were set to 100, 

500, 2000, 4000m, and the density “sigma-t” (a t = p -  1000 where p is the density of 

seawater) of each layer were 24.0, 27.0, 27.6, and 27.8 (kgm'3) respectively. The 

model bathymetry is derived from the 5-min ETOP05 topography dataset. In order 

to reflect the fact that the surface temperature decreases towards high latitudes and
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the surface salinity has its peaks at mid-latitudes, an idealised surface temperature 

and salinity o f the model experiment were simply set up as a combination o f sine 

functions. The north-south distribution of the idealised salinity and temperature are 

shown in Figures 5.2 and 5.3, respectively.
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Figure 5.1: The model domain for the partial Indian and Pacific Oceans. The red 
rectangle shows the region covering the sections used to calculate the 
volume transport between the oceans. The picture is extracted from the 
GEBCO digital atlas, 2003.

Figure 5.2: The north-south distribution 
of the idealised salinity.

Figure 5.3: The north-south distribution 
o f the idealised temperature.
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At the lateral boundaries a non-slip boundary condition was applied. The bottom 

friction parameter was set equal to 0.003. In this first experiment in realistic 

geometry, the model was run for 50 years, starting from rest and continuously forced 

by the ECMWF’s monthly-mean wind stress (ECMWF reanalysis ERA-15, 1979

1993) (Figures 5.4, 5.5). To estimate the volume transport between the Pacific and 

Indian oceans, the depth-integrated volume transports at some main passages in the 

Indonesian Seas were calculated, the cross-sections for calculating the transport are 

shown in the Figure 5.6.

5.2.1.2. Model result
The volume transport between the oceans

The horizontal volume transport through a section is defined conventionally as the 

integral of the flux normal to that cross-section. Table 5.2 shows the annual mean 

depth-integrated volume transport at the sections in the Indonesian Seas (Figure 5.6), 

and the total volume transport between the oceans. In comparison with the volume 

transport of the ITF from the observations and the volume transport estimated by 

numerical models (Table 2.2 -  Chapter 2), the total volume transport produced by 

our model (5.08 Sv, transport from the Indian Ocean to the Pacific Ocean) is not 

consistent in either magnitude or direction. Among the sections, the volume transport 

at the Timor Sea section (-1.34 Sv) shows the right direction in comparison with the 

work of Gordon, 2001 (Figure 2.17 - Chapter 2) but smaller in term of magnitude 

(Table 2.3 - Chapter 2). The volume transport of the other sections is not consistent 

with reality.

Table 5.2: The annual-mean volume transport at the sections in the Indonesian Seas
(Case 5.1 ).

No. The section name The depth-integrated volume transport (Sv)
1 M akassar Strait 2.01

2 Lombok Strait 2.99

3 Flores 0.69

4 Savu 1 1.09

5 Savu 2 1.65

6 Timor -1.34

Total transport 5.08

Note: The total transport is the summation of the volume transport from Section 2 to Section 
6. Negative values show transport to the Indian Ocean, positive values show the 
transport to the Pacific Ocean. The annual-mean transport value was calculated for 
the last year o f the run (the year 50).
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Figure 5.4: The monthly mean ECMWF’s wind stress (January-June).
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Figure 5.5: The monthly mean ECMWF’s wind stress (July-December).
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Figure 5.6: The sections for calculation of the volume transport between the oceans.
The small figure shows the section at the Makassar Strait. The picture is 
extracted from the GEBCO digital atlas, 2003.

The mean circulation

Although the model does not reproduce the volume transport between the oceans 

correctly, in terms of circulation, it has reproduced rather well the ocean circulations 

such as the partial ACC, the north equatorial current in the Pacific ocean, the south 

equatorial current in the Indian Ocean, and particularly the well-known Kuroshio 

Current in the northern Pacific and the Leeuwin current along the northwest coast of 

Australia (Figure 5.7).

However, in the Indian Ocean, the model produced a strong eastward surface current 

along 10°S (Figure 5.7) which is in the opposite direction to reality. This strong 

current drives water from the Indian Ocean into the Indonesian Seas via the Lombok 

Strait and the Ombai Strait. After entering the Indonesian Seas the current from the 

Lombok Strait flows through the Makassar Strait to the Celebes Sea before entering 

the Pacific Ocean. The current from the Savu Sea (Ombai Strait) flows into the 

Banda Sea, and enter the Pacific Ocean through the Halmahera Sea. This pattern of 

circulation (Figure 5.8) is mostly in the opposing direction to reality and appears to 

be the reason for the incorrect direction of the ITF.
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Figure 5.7: The annual-mean circulation of the last year of the run of the mixed layer. The 
arrows are plotted at every 5 grid-cells.
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Figure 5.8: The annual-mean circulation of the last year o f the run of the mixed layer in the 
Southeast Asia region.
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5.2.2. Model experiments with the whole Indian Ocean domain (Case 5.2 - 5.5)

The result o f the idealised model experiments in Chapter 2 (Case 4.2) showed that 

the east-west length scale of the domain influenced the circulation and the water 

exchange between the basins. Therefore in order to resolve the problem with the 

magnitude and direction of the volume transport of the ITF, the model experiments 

with the western boundary extended to the African coast, referred to as the Domain 2 

(Figure 5.9), were carried out, referred to as Case 5.2, hoping that the monsoon 

circulation in the northern Indian Ocean would be properly represented. The 

monthly-mean ECMWF’s wind stress is still the only driving force (Figures A .l, 

A.2, and A.3 - Appendix). The other outcome of the idealised model experiments 

was that the volume transport between the basins is rather sensitive to wind stress, 

therefore another experiment was also set up to run with the monthly-mean NCEP’s 

wind stress (Figures A.4, A.5, and A.6 - Appendix), referred to as Case 5.3. There 

was a change in the model boundary where both the western and eastern boundaries 

were opened from 60°S to 35°S instead o f being closed as in the previous 

experiment. This change allows water to flow into and out o f the model domain to 

create a more realistic simulation o f the ACC. The total kinetic energy (not show) of 

the previous model experiment (Case 5.1) showed that the model settled down rather 

quickly (approximately after 10 years) therefore the model experiments (Cases 5.2 & 

5.3) were run for 20 years, starting from rest.

Table 5.3 shows the annual-mean depth-integrated volume transport at the sections 

and the total volume transport between the oceans in these two model experiments 

(Case 5.2 & Case 5.3). In terms of volume transport, the total volume transport 

produced by the NCEP’s wind stress (Case 5.3) is smaller than that in the case o f the 

ECMWF’s wind stress (Case 5.2). In comparison with the previous experiment (Case 

5.1), the extension of the western boundary has decreased the total volume transport 

from the Indian Ocean to the Pacific Ocean but it was not significant enough to 

resolve the problem of incorrect ITF where the ITF transport is still from the Indian 

Ocean to the Pacific Ocean.
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Figure 5.9: The model domain with the extended western boundary. The picture has 
been extracted from the GEBCO digital atlas, 2003.

Figures 5.10, 5.11 show the annual-mean circulation of the mixed layer over the 

whole domain and the annual-mean circulation of the Southeast Asia region (Case 

5.2) respectively. The circulation reproduced in Case 5.3 (not shown) is similar to the 

circulation in Case 5.2. In the Pacific Ocean the circulation in Case 5.2 and Case 5.3 

is similar to the circulation in Case 5.1. In the Indian Ocean, with the boundary 

extended to the eastern coast of Africa, the model has successfully reproduced the 

Somali, Mozambique, and Agulhas Currents. However the strong eastwards current 

along 10°S is still present and acts as one of the reason for the wrong ITF direction 

by driving the water from the Indian Ocean into the Indonesian Seas as mentioned in 

the previous section. The model has failed to reproduce the circulation in the 

Indonesian Seas where it is in the opposing direction to reality.

The failure in reproducing correctly the circulation in the Indonesian Seas can be 

explained when we look at the sea surface height between the oceans. In his works, 

Wrytki (1961, 1987) urged that the sea level in the western Pacific Ocean is higher 

than that in the eastern Indian Ocean. Consequently, it creates a pressure gradient 

between the oceans that drive water from the western Pacific Ocean to eastern Indian 

Ocean through the Indonesian Seas to form the ITF. The annual mean sea surface
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height produced by the model (Figure 5.12) shows an opposing situation where the 

sea surface height in the eastern Indian Ocean (between Java and Australia area, 

where the water from the Indonesian Seas exit to the Indian Ocean in reality) is 

higher than that in the western Pacific Ocean (the area from the Equator to 10°N, 

where the water from the western Pacific ocean enter the Indonesian Seas to form the 

ITF in reality). Therefore water has been driven from the eastern Indian Ocean and 

Indonesian Seas to the western Pacific Ocean which is inconsistent with Wrytki’s 

works and reality.

Table 5.3: The annual-mean o f volume transport at the main sections in the 
Indonesian Seas (Cases 5.2 & 5.3).

No. The section name
The depth-integrated volume transport (Sv)

Case 5.2 Case 5.3

1 Makassar Strait 4.05 3.59

2 Lombok Strait 2.21 2.14

3 Flores 1.64 1.42

4 Savu 1 -0.74 -0.50

5 Savu 2 0.95 0.90

6 Timor -1.21 -2.15

Total transport 2.85 1.81

Note: The mean value is the summation of the volume transport from Section 2 to 
6. Negative values show transport to the Indian Ocean, positive values 
show the transport to the Pacific Ocean. The annual mean of volume 
transport was calculated for the last year o f the runs (the year 20).
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Figure 5.10. The annual-mean circulation o f the mixed layer (Case 5.2). The arrows 
are plotted at every 5 grid-cells.

Figure 5.11: The annual-mean circulation of the mixed layer in the Southeast Asia 
region (Case 5.2).
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Figure 5.12: The annual-mean sea surface height o f the Southeast Asia and vicinity 
(Case 5.3).

Two more extra model experiments were carried out with the monthly mean NCEP’s 

wind stress and some changes in topography and forcing. The first one, referred to as 

Case 5.4, was carried out with the opening of the Java Strait and introducing 

hydrographic fields for the mixed layer. The hydrographic fields used in the 

experiment were the annual-mean temperature and salinity derived from the Levitus 

Atlas, 1998 (NODCW OA98); In the second experiment, referred to as Case 5.5, 

besides using the annual-mean temperature and salinity field as Case 5.4, the number 

o f vertical layers was increased from 4 to 6 with the corresponding density “sigma-t” 

o f each layer was 22.4, 24.4, 26.6, 27.5, 27.74, 27.8 (kgm'3) respectively. The model 

experiments were also run for 20 years, starting from rest. However the results show 

that these changes did not make a significant change to the ITF. The total volume 

transport in Case 5.4 and Case 5.5 is about 1.84 Sv and 1.10 Sv respectively (Table 

5.4), and still from the Indian Ocean to the Pacific Ocean which is in the opposite 

direction to reality.

Even though the model experiments could not reproduce the ITF correctly, it is of 

interest to examine the seasonal variability o f the monthly-mean depth-integrated 

volume transport between the oceans in the different experiments (Cases 5.3, 5.4,
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and 5.5). Figure 5.13 shows that ignoring the incorrect value of the magnitude and 

direction o f the annual-mean value, the model can produce a strong seasonal 

variation of the volume transport between the oceans through the Indonesian Seas. 

Despite the total volume transport o f the ITF being from the Indian Ocean to the 

Pacific Ocean, the model result shows that from May to August, when the Southeast 

Asian Summer Monsoon is strongest, the wind stress can produce a small amount of 

total volume transport from the Pacific Ocean to the Indian Ocean.

Table 5.4: The volume transport at the sections in the Indonesian Seas (Cases 5.4 & 5.5).

No. The section name
The depth-integrated volume transport (Sv)

Case 5.4 Case 5.5

1 M akassar Strait 2.76 2.34

2 Java -0.13 -0.09

3 Lombok Strait 1.86 1.98

4 Flores 0.30 0.44

5 Savu 1 0.05 0.07

6 Savu 2 -0.31 -1.12

7 Timor 0.05 -0.18

Total transport 1.84 1.10

Note: The mean value is the summation of the volume transport from Section 2 to 7. 
Negative values show transport to the Indian Ocean, positive values show the 
transport to the Pacific Ocean. The volume transport values were calculated at the 
last year of the runs ( the year 20).

Sv
10.00

Case 5.3 Case 5 .4 -------Case 5.5

Figure 5.13: The seasonal variation o f the ITF of the different experiments.
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5.2.3. Model experiment with the whole Indian and Pacific Oceans domain 
(Case 5.6)

5.2.3.1. Model setup

The expansion o f the western boundary to the eastern coast o f Africa could not 

resolve the problem with the throughflow, therefore we next consider the fact that the 

Sverdrup transport accumulates from the eastern boundary, thus another experiment, 

referred to as Case 5.6, with the eastern boundary extended to the western coast of 

America, referred to as the Domain 3 (Figure 5.14), was carried out. In this 

experiment, the model was set up with 5 flat layers in the vertical. The initial layer 

interface depths were 150, 500, 1500, and 3500m and the density “sigma-t” of each 

layer was 2.35, 26.6, 27.5, 27.74, and 27.8 (kgm'3) respectively. The driving force 

was the monthly-mean NCEP’s wind stress (from 1952-2001), and no relaxation was 

used. The model was run for 20 years, starting from rest. With the above setup we 

will be able to see how much o f the volume transport can be produced by the only 

wind stress over the domain.

Figure 5.14: The model domain in the case o f extending the eastern boundary to the 
western coast o f America (Domain 3). The picture has been extracted 
from the GEBCO digital atlas, 2003.

5.2.3.2. Model result

The total kinetic energy and annual mean volume transport o f the throughflow in the 

Indonesian Seas have been plotted from the beginning o f the run to see how the 

model develops (Figures 5.15 and 5.16).

In general, the surface circulation in the Pacific and Indian oceans was well 

reproduced (Figure 5.17), especially the eastward surface jet along 10°S in the Indian
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Ocean. This current system was incorrectly simulated in the previous experiment 

when its direction was westwards. On the smaller scale (the Southeast Asia, 

Indonesian Seas), the modelled surface circulation patterns (Figures 5.18 & 5.19) are 

in good agreement with the schematic diagrams of major currents in the region 

(Godfrey, 1996, Wyrtki, 1961, Tomczak and Godfrey, 2001) such as the Mindanao 

Eddy and Halmahera Eddy, the southward current in the South China Sea (SCS), the 

current system in the Celebes sea, and the throughflow in the Makassar Strait.

In terms of volume transport, the experiment result shows that when the model 

boundaries extended to cover the whole Indian and Pacific oceans, the wind stress 

produces a relatively small of annual-mean throughflow from Pacific Ocean to 

Indian Ocean, with the magnitude of about 1.2 Sv (averaged from year 13 to year 20 

o f the run). This value is close to the estimate of Wyrtki (1961), however recent 

estimate of the throughflow (based on both observation and numerical models) have 

given much higher values, as mentioned in Chapter 2.

There is a large area of high sea surface height in the eastern Pacific, which covering 

an area from the western coast of the Philippines to Taiwan (Figure 5.20). This is 

likely the cause o f the intrusion of the water from the western Pacific into the SCS 

and producing a strong north-south current system in the SCS. This strong current 

system enters the Makassar Strait from the South and inhibits the southwards 

throughflow in the strait (Figures 5.18 & 5.19). As agreed by other studies, most of 

the throughflow is from the Makassar Strait therefore the current from the SCS is 

likely one of the reason for the decrease of the throughflow.



Chapter 5: Modelling circulation and volume transport
in the Southeast Asia region

1 1 0

Figure 5.15: The KE o f the experiment with whole Pacific and Indian Ocean. The 
model was run from rest to 20 years (Case 5.6).

Figure 5.16: The annual mean ITF of the experiment with whole Pacific and Indian 
Ocean. The model was run from rest to 20 years (Case 5.6).
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Figure 5.17: The annual-mean of wind-driven circulation o f the mixed-layer. The 
model was setup with 5 flat-layers and forced by the NCEP’s monthly- 
mean wind stress (1952-2001). In this plot the arrows are plotted at 
every 9 grid-cells in east-west dimension and every 7 grid-cells in 
north-south dimension (Case 5.6).

Figure 5.18: The annual-mean of wind-driven circulation o f the mixed-layer in 
Southeast Asia. The model was setup with 5 flat-layers and forced by 
the NCEP’s monthly-mean wind stress (1952-2001 ) (Case 5.6).
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Figure 5.19: The annual-mean o f wind-driven circulation o f the mixed layer in the 
Indonesian’s Seas. The model was setup with 5 flat-layers and forced 
by the NCEP’s monthly-mean wind stress (1952-2001) (Case 5.6).

0 . 3  0 . 6  0 . 9  1 . 2  1 . 5  1 , 3  2 , 1  2 . 4  2 . 7

Figure 5.20: The annual-mean sea surface height o f the Southeast Asia and vicinity 
(Case 5.6).
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5.3. The model experiment with thermal forcing (Case 5.7)

The results o f the model experiments with wind stress alone show that the wind 

stress over the domain can produces a rather strong seasonal variability of the ITF, 

but the annual-mean ITF transport generated by the wind stress is small compared to 

the recently observation and numerical model studies. In the next experiment, 

referred to as Case 5.7, the thermal forcing will be introduced. The thermal forcing 

field was generated by using the monthly-mean and annual-mean temperature and 

salinity fields from the Levitus Atlas, 1998 (NODC WOA98).

5.3.1. Model setup

The model domain used in this experiment is the one which has been used in Cases

5.3, 5.4, and 5.5 (Domain 2 - Figure 5.9). The horizontal resolution of the model was 

0.5°. There were 6 vertical layers with the corresponding density “sigma-t” of each 

layer were 22.4, 24.4, 26.6, 27.5, 27.74, and 27.8 (kgm'3) respectively. The initial 

temperature and salinity fields of these layers were derived from the annual-mean 

climatological Levitus Atlas, 1998 (NODC WOA98). The monthly-mean 

temperature and salinity of the mixed layer were also derived from the monthly- 

mean Levitus Atlas, 1998 dataset. There were no explicit heat exchanges between the 

sea surface and atmosphere, no precipitation and evaporation, instead during the 

model run the salinity and temperature were relaxed with a time constant of 1 year. 

This relaxation will help to make these variables follow the variation of the 

observational data.

The model was run for 20 years, and the results of the last year will be interpreted to 

investigate the circulation and ITF. The model was repeatedly forced by the annual 

cycle o f the monthly-mean NCEP’s wind stress (Figures A.4 to A.6 - Appendix) and 

the thermal forcing (temperature and salinity relaxation). At the open boundary, 

cyclic boundary conditions were applied, allows water flow into and out of the model 

domain to reproduce the ACC.
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5.3.2. Model result

5.3.2.1. The annual-mean circulation and the ITF

The surface circulation in the Indian and Pacific Oceans is strongly influenced by the 

wind field over the ocean surface. Especially in the northern Indian Ocean, the 

seasonal reversal of monsoon winds dictates seasonal change o f the ocean surface 

current. Therefore the annual-mean circulation will not be able to represent the 

seasonal change of surface circulation in the northern Indian Ocean. However it will 

help to demonstrate and understand the tendency and overall pattern of the ocean 

circulation elsewhere.

Figure 5.21 shows the annual-mean circulation produced by the model. The general 

circulation of the oceans are well reproduced such as the Kuroshio, the NEC, the 

NECC in the Pacific Ocean, and the Somali Current, the westwards zonal jet, the 

ECC, the Agulhas in the Indian Ocean.

The annual-mean circulation o f part of the western Pacific Ocean, the South China 

Sea (SCS) and the Indonesian Seas are shown in the Figure 5.22. In the Pacific 

Ocean, the NEC (10°N-15°N) bifurcates when approaching the Philippine coast, one 

branch flows northwards and the other flows southwards. Part of the northwards 

branch enters the SCS, the remainder continues northeastwards to form the Kuroshio 

Current. In the SCS, the flow from the Pacific Ocean crosses the northern part of the 

SCS, then flows along the east coast o f Vietnam to the Java Sea. On the basin scale, 

this current is the western edge of the two main gyres in the SCS, the northern gyre 

ranges from 15°N-20°N and the southern gyre from 4°N-8°N. In the Java Sea, part of 

the current enters the Indian Ocean through the Java Strait, and the other joins the 

flow from the Makassar Strait. The southwards branch of the NEC partially enters 

the Celebes Sea which is the main source of the ITF, the remainder turns eastwards 

to feed the NECC. The combination o f the NEC, southwards branch and the NECC 

forms the Mindanao eddy.

Within the Indonesian Seas, the current from the Pacific Ocean enters the northern 

Celebes Sea and flows southwards through the Makassar Strait to meet the current 

from the Java Sea. The combined current system partially exits to the Indian Ocean 

through the Lombok Strait, the remainder flows to the Flores Sea. In the Flores Sea
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the current system is divided as follows: one branch flows northwards into the 

Molucca Sea then joins with the eastwards current from the southern Celebes Sea at 

northwest o f the Halmahera. This combined current then enters the Pacific Ocean to 

feed the NECC; one branch flows into the Banda Sea; one branch exits to the Savu 

Sea through the Ombai Strait; and the other exits to the Indian Ocean through the 

Timor Sea. The last current branch rejoins the flows from the Savu Sea and Lombok 

Strait to form the root of the westwards zonal jet (11°S-13°S) flowing from the 

Indonesian Seas into the interior of the Indian Ocean (Figures 5.22 & 5.23). This 

zonal jet then moves directly westward across the interior Indian Ocean to the 

African coast. Part of the Jet turns northwards to join the well-known western 

boundary current in the Indian Ocean (the Somali Current), the other flowing 

southwards and eventually joins the Agulhas Current. As shown in the Figures 5.21, 

5.22 and 5.23, the western boundary current in the Pacific Ocean, the circulation in 

the SCS and the Indonesian Seas seem associated with large-scale forcing over the 

Pacific Ocean, and the geometry of the region.

0 10 20 30 +0 60 60 70 &0 90

Figure 5.21: The annual-mean circulation o f the mixed layer. The arrows are plotted 
at every 5 grid-cells.
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Figure 5.22: The annual-mean circulation o f the mixed layer in the Southeast Asia 
region.

Figure 5.23: The annual-mean surface westwards jet in the Indian Ocean. The arrows 
are plotted at every 2 grid-cells east-west and every 3 grid-cells north- 
south.

The circulation over the whole model domain has been well reproduced and the 

volume transport between the oceans also shows a consistency with the other work. 

In comparison with the volume transport o f the ITF of other studies (Table 2.2 -  

Chapter 2) the result of the experiment shows a very good agreement in both 

direction and magnitude. The total volume transport between the oceans is about 

16.25 Sv, transport from the Pacific Ocean into the Indian Ocean, showing a very 

good agreement with results of other numerical calculations (Semtner and Chervin,
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1988; Hirst and Godfrey, 1993; Li Wei, 2006, Humphries and Webb, 2007), and the 

volume transport balance between the oceans suggested by Siedler et al. (2001) 

(Figure 5.24). The variability o f the ITF transport and volume transport at the 

sections will be explored more detail in the next section.

Figure 5.24: The world ocean volume transport balance (Siedler et al., 2001).

5.3.2.2. The seasonal variability o f the circulation and the ITF

In the previous section the annual-mean circulation and the volume transport 

between the oceans have been examined. In this section, the seasonal variability of 

the circulation and the volume transport in the Indonesian Seas from the model 

results will be investigated in detail.

•  Circulation in the Pacific and Indian Oceans

In the Pacific Ocean, the NEC between about 8°N-20°N is directly wind-driven 

(Tomczak and Godfrey, 2001). It therefore responds quickly to the change of wind 

variation over the ocean surface. The model results show a good agreement with the 

work of Tomczak and Godfrey (2001). The NEC, with the core range 10°N-15°N, 

flows east-to-west over the year corresponding to the wind stress. The strength of the 

NEC varies throughout the year according to the strength of the wind field. In winter 

(November to April) when the trade wind is strongest, the NEC reaches its greatest 

strength in February and March (Figure 5.25). In summer (May to October) the
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NEC’s strength is weaker corresponding to the decrease o f the wind strength (Figure 

5.26). The NECC in the Pacific Ocean ranges between 3°N-8°N and flows west-to- 

east throughout the year. However the model results show that the NECC is fed by 

varying sources. In winter, the source o f the NECC comes from the NEC and the 

Indonesian Seas (Figure 5.25). In summer, the NECC is fed by water from the NEC 

and water from the southern hemisphere, which flows northwestwards along the 

eastern coast of the Papua New Guinea (Figure 5.26). The well-known western 

boundary current in the Pacific Ocean (the Kuroshio Current) is also very well 

reproduced. The model results show that the Kuroshio Current is a narrow and swift 

current with counter currents and rings on either side. In both winter and summer, the 

Kuroshio Current begins from the west coast o f the Philippines, flowing northeast 

along the Japanese coast and eventually leaves the coast around 35°N entering the 

interior Pacific Ocean (Figures 5.25, 5.26).

In the Indian Ocean, besides the North and South Equatorial Currents, Somali 

Current, the Agulhas Currents (not shown), the model has successfully reproduced 

the intense surface eastwards equatorial jet in the transition periods (May and 

October) which was first described by Wyrtki (1973) (Figure 5.27).

Figure 5.25: The monthly-mean surface circulation o f the western Pacific Ocean in 
March.
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Figure 5.26: The monthly-mean surface circulation of the western Pacific Ocean in 
September.

• Circulation in the Southeast Asian waters

The Indonesian Seas

The Indonesian region is a large and very complex area with many islands, seas and 

passages. In terms of circulation, since the work of Wyrtki (1961) several 

investigations have been caried out to explore the circulation in the region such as 

INSTANT and ARLINDO programmes. However these observations were mainly 

conducted at specific locations to serve the purpose of each study. Therefore the 

work of Wyrtki (1961) is still a significant reference document for the overall picture 

of the circulation in the Indonesian seas.

As described by Wyrtki (1961) the flow in the Makassar Strait is directed to the 

south throughout the year with the velocity varying according to the variability of the 

wind field. The barotropic circulation o f the model is almost consistent with the 

circulation pattern of the Wyrtki atlas, but the modelled surface circulation has a 

significant change in winter. The seasonal variability of the surface circulation in the 

Indonesian Seas is described as follows:
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Figure 5.27: The monthly-mean surface eastwards equatorial jet in the Indian Ocean 
in the transition period (May and October). The arrows are plotted at 
every 2 grid-cells.

In winter, from November to January, when the northeast monsoon is fully 

developed and prevailing over the region, there is a strong surface current from the 

SCS flowing through the Java Sea to enter the Makassar Strait. This current flows 

northwards to enter the Celebes Sea, then joining with the current in the southern part 

o f the Celebes Sea before exiting to the Pacific Ocean to feed the NECC (Figure 

5.28). In summer, when the southwest monsoon inhibits water from the SCS, the 

Indonesian Seas are fed by water from both northern hemisphere and southern 

hemisphere. The water from the nothern hemisphere (NEC) enters the Indonesian 

Seas through the Celebes Sea then flowing through the Makassar Strait. Part of the 

water enters the Indian Ocean through the Lombok Strait, the rest flows to the Java
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Sea and Flores Sea. The water from the southern hemisphere enters the Indonesian 

Seas through the Halmahera Strait, flowing into the Banda Sea and Flores Sea and 

eventually exits to the Indian Ocean through the Timor Sea, Ombai Strait and Flores 

Strait (Figure 5.29).

The Makassar Strait is one o f the main pathways of the ITF from the Pacific Ocean 

to the Indian Ocean. The flow within the Makassar Strait is characterized by a 

seasonal cycle and strongly influenced by monsoonal wind changes. The minimum 

of the depth-integrated flow appears in December when the Java Sea and the 

Makassar Strait are invaded by water from the SCS. The maximum of the depth- 

integrated flow appears in July and August when the southwest monsoon inhibits 

water intrusion from the SCS to allow more water from the Pacific Ocean to enter the 

Celebes Sea then flowing southwards through the Makassar Strait (Figure 5.28, 

5.29).

Figure 5.28: The monthly-mean surface circulation in the Indonesian Seas 
(December).
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Figure 5.29: The monthly-mean surface circulation in the Indonesian Seas (July).

The South China Sea

The South China Sea is the largest marginal sea in the Southeast Asian waters. It 

connects in the south with the Sulu and Java Seas through a number of shallow 

passages and in the north with the Pacific Ocean through the deep Luzon Strait. The 

circulation in the South China Sea is mainly driven by the monsoons and the water 

intruded from the Pacific Ocean. Based on hydrographic observations, sea level 

records, and ship drifts, Wyrtki (1961) proposed in the first circulation atlas that the 

South China Sea contains basically a cyclonic gyre in winter and an anticyclonic 

gyre in summer, as a result o f the seasonally reversing monsoon.

Figure 5.30 shows the monthly mean circulation of the mixed layer of the SCS in 

winter (February) and summer (August). In the winter monsoon period (November to 

April) the Asian high pressure system brings strong winds from the northeast. The 

northeast monsoon prevails over the region. The SCS is intruded by water from the 

Pacific Ocean through the Luzon Strait. The intense current from the Luzon Strait 

crosses the northern SCS, bends to southwest along the Asian continental shelf, then 

flowing southwards along the coast of Vietnam and eventually flows out through the
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Gasper and Karimata Straits in the south. On the basin scale, there are three main 

gyres developed in the SCS as follows: the northern cyclonic gyre, the southern 

cyclonic gyre and the weaker anticyclone between the two gyres. This pattern is 

generally consistent with the circulation atlas proposed by Wyrtki (1961). During the 

summer monsoon period (May to October) the southwest monsoon prevails over the 

region. In the northern part of the SCS, there still exists the intense current from the 

Luzon Strait crossing the SCS to the coast of Vietnam as in the winter monsoon. This 

current combines with the northwards current flowing along the west coast of the 

Philippines to form the northern cyclonic gyre in the northern part of the SCS. In the 

southern part of the SCS, the current from the entrance o f the Gulf o f Thailand 

flowing northeast parallel to the southern coast of Vietnam in response to the 

southwest monsoon. At 9°N-14°N this current meets the southwards current from the 

northern part of the SCS. As a result the current turn eastwards, joining the current in 

the Sunda shelf to form the anticyclonic gyre in the southern part of the SCS.

Figure 5.30: The monthly-mean circulation o f the mixed layer in the South China Sea.

The existence of the intense current from the Luzon Strait to the coast o f Vietnam in 

summer (originated from the water intrusion from the Pacific Ocean) appears 

inconsistent with the current pattern proposed by Wyrtki (1961) but it is consistent 

with the diagram of the SCS circulation proposed by Fang et al (1998) (Figure 2.12 -
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Chapter 2). The appearance o f this current appears to be a good explanation for the 

realistic phenomena of eastwards turning of the northeast current along the coast of 

Vietnam around 9°N-14°N which was seen in the Wyrtki Atlas but was not 

explained.

•  The Indonesian Through Flow

In other research, despite discrepancies in magnitude o f the ITF, most authors report 

that the ITF has strong variations throughout the year. The maximum of the ITF 

transport appears during the summer monsoon from April to September, and the 

minimum of the volume transport occurs in the winter monsoon from November to 

January (Wyrtki, 1987; Masumoto and Yamagata, 1993; Gordon et al., 1999, 2003; 

Hautala et al., 1996; Potemra et al, 2007). The model result shows a good agreement 

with the above research. The model results (Figure 5.31 and Table 5.5) show a strong 

seasonal variation of the volume transport between the oceans with the minimum 

value of about 12.26 Sv in December, and the maximum value o f about 20.28 Sv in 

July. This result is in good agreement with the corresponding variation o f the sea 

surface height where the difference in monthly-mean sea surface height between the 

western Pacific Ocean and the eastern Indian Ocean in December is smaller than that 

in July (Figures 5.32 & 5.33).

The seasonal variability o f the ITF appears to be governed by large-scale forcing and 

local wind changes related to the monsoonal cycle, and can be explained on the basis 

o f the circulation as follows: in winter the northeast monsoon prevailing over the 

SCS drives a large amount of surface water from the South China Sea through the 

Java Sea into the Indonesian Seas (Makassar Strait, Flores Sea, Banda Sea, Molucca 

Sea) (Figure 5.30 - February) and inhibits the surface water flow from the Pacific 

Ocean to the Indian Ocean, consequently reducing the ITF transport. In summer the 

southwest monsoon prevails over the SCS and inhibits surface water from the SCS 

from entering the Indonesian seas. This allows more water from the Pacific Ocean to 

enter the Celebes Sea flowing southwards through the Makassar Strait and to exit to 

the Indian Ocean. On the other hand, during summer, there is another water source 

entering the Indonesian Seas from the southern hemisphere through the Halmahera 

Strait (Figure 5.30 - August) and as a result this leads to an increase of the water



Chapter 5: Modelling circulation and volume transport
in the Southeast Asia region

125

transport from the Pacific Ocean to the Indian Ocean (increase the ITF). This 

explanation is consistent with the mechanism proposed by Gordon et al. (2003) on 

the basic of analysing ocean current and stratification data along with satellite- 

derived wind measurements, and has pointed out that the SCS plays an important 

role in the variability of the ITF.

Figure 5.31: The seasonal variation of the depth-integrated volume transport 
between the oceans. The negative value shows the transport from the 
Pacific Ocean to the Indian Ocean.

Table 5.5: The monthly-mean volume transport o f the ITF.

M o n th T h e  IT F  (S v ) M o n th T h e  IT F  (S v )

Ja n u a ry -1 3 .3 1 Ju ly -2 0 .2 8

F e b ru a ry -1 4 .7 2 A u g u st -1 8 .6 7

M a rch -1 5 .4 S e p te m b e r -1 6 .8 7

A p r il -1 6 .9 4 O cto b e r -1 5 .0 1

M a y -1 8 .8 6 N o v e m b e r -1 2 .6 5

Ju n e -2 0 .0 4 D e c e m b e r -1 2 .2 6
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Figure 5.33: The monthly mean sea surface height in Southeast Asia and vicinity in 
December.
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5.3.2.3. Vertical distribution of the volume transport o f the ITF

The volume transport of the ITF mainly appears in the upper layer from 200m 

(Wyrtki, 1987) to 500m (Molcard et al, 1996). The model result shows that most of 

the ITF transport appears in the upper layer with the first two upper layers providing 

a total of over 10 Sv. The model result also show that although the mean current is 

strongest in the upper layer, the deeper flow carries significant part of the transport 

(over 6 Sv) and is in good agreement with estimation of Molcard et al (2001) based 

on the current meter mooring (Table 5.6).

Table 5.6: The volume transport at the sections in different layers.

s e s M a k a ssa r J a v a L o m b o k F lo res O m b a i T im o r T h e I T F

M ix e d -la y e r -4 .02 -1 .7 6 -1.01 -1 .60 -0 .74 -0 .6 9 -1 .6 4 -5 .69

lay e r 5 -0.81 -3 .17 -0 .13 -1 .58 -0.63 -0 .9 0 -1.21 -4.45

lay e r 4 0 .0 0 -2 .45 0 .0 0 0 .00 0 .00 -2 .2 8 -1 .33 -3.61

lay e r 3 -0.01 0 .04 0 .0 0 0 .00 0 .00 -2 .2 9 -0.31 -2.61

lay e r 2 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0.00

B ottom -0.01 0 .09 0 .0 0 0 .00 0 .00 0 .0 0 0 .1 0 0.10

S u m ■4.85 -7.25 -1.14 -3.18 -1.37 -6 .16 -4 .39 -16.26

Note: The ITF is the summation of the volume transport from the last 5 
sections. Negative values show transport to the Indian Ocean, positive 
values show the transport to the Pacific Ocean.

5.3.2.4. Volume transport at the main passages

With the model set up and tailored to the geometry of the study region, it is of 

interest to examine not only the total volume transport between the oceans but also 

the volume transport at the individual sections in the Indonesian Seas.

The calculation of the volume transport in the model takes place at the Java Strait, 

Lombok Strait, Flores Strait, Ombai Strait and the Timor Sea. The Java, Lombok and 

Flores Straits are rather narrow straits. Only the Lombok Strait is deep (250-300m) 

and is known as the main outflow of the ITF from the Makassar Strait, the other two 

are rather shallow and could be closed or opened depending on the study (numerical 

model study); in this experiment they are all opened. However the horizontal 

resolution o f the model is 0.5 degree so the volume transport at these straits maybe 

exaggerated. In other studies, most authors agree that the bulk of the ITF passes 

through the Makassar Strait, and the volume transport contribution from the South 

China Sea is often ignored when estimating the magnitude of the ITF transport.
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However Fang (2005) suggested a rather high value (3.9 Sv) of volume transport 

from the South China Sea to the Indonesian Seas. Therefore besides the sections for 

calculation of the volume transport between the oceans, volume transports have been 

calculated at three more sections (the Makassar Strait, South China Sea and ACC) 

with the purpose of having an overall picture of the volume transport in the region.

The volume transports through the main passages are given in Table 5.7 and Figure 

5.34. The throughflow from the Makassar Strait to the Indian Ocean is considered to 

be flowing directly through the Lombok Strait (Sprintall et al., 2000). The volume 

transport through the Lombok Strait in the model is higher than the transport 

calculated by Murray and Arief (1988) based on January 1985 to March 1986 current 

meter mooring data (3.18 Sv compared to 1.7 Sv). The possible reason for the 

overestimated transport at the Lombok Strait is this narrow (approximately 18 km 

width) and shallow (250-300m) passage has been widened to 50.0 km due to the 

horizontal resolution of the model. The seasonal variability in the Lombok Strait 

shows the high peak of throughflow during the summer monsoon (June to 

September) and low peak during the winter monsoon (November to January). This 

model result is consistent with the results derived from the CTD and pressure gauge 

measurement (Murray and Arief, 1988; Hautala et al., 2001).

The most significant part o f the ITF flowing into the Indian Ocean is through the 

Ombai Strait with the magnitude o f volume transport reaching 6.17 Sv. This value is 

slightly higher than the values proposed by Hautala et al (2001); Molcard et al 

(2001): 4.5-5.0 Sv and Sprintall et al. (2004): 4.5 Sv. The seasonal variation o f the 

volume transport shows it is strongest from April to July with maximum of 8.36 Sv 

in May. The weakest transport appears from August to December with minimum of 

5.10 Sv in September.

The modelled volume transport at the Timor Strait is about 4.39 Sv, which is smaller 

than the suggested value o f Creswell et al (1993) : 7.0 Sv, but is in very good 

agreement with Molcard et al. (1994) : 4.5 Sv; (1996) : 4.3 Sv and Sprintall et al. 

(2004) : 4.3 Sv. The seasonal variation o f the throughflow in the Timor Sea has the 

same phase with the throughflow in the Ombai Strait. The strongest transport o f the 

throughflow occurs in May (6.16 Sv), weakest transport occurs in December (2.65 

Sv).
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The main focus location of other research on the ITF is in the Makassar Strait which 

is considered as the major passage o f the ITF. The recent mooring measurements in 

the Makassar Strait (ARLINDO 1993-1994, 1996-1998, 1998-2007; INSTANT 

2003-2006) provided a good description of the throughflow dynamics within the 

passage. The initial result of ARLINDO has shown an average southwards transport 

within the Makassar Strait of 9.3 Sv with a range of about 2.5 Sv. The model result 

shows the transport at the Makassar Strait is about 7.26 Sv which is slightly smaller 

than the value of ARLINDO. In terms o f seasonal variation, the ITF at the Makassar 

Strait shows a very strong variability with the difference between maximum transport 

in July (10.92 Sv) and minimum transport in December (2.04) o f about 8.88 Sv. The 

high variation o f the volume transport in the Makassar Strait is in opposite phase to 

the volume transport from the SCS. The minimum volume transport from SCS 

appears in June (0.55 Sv), and the maximum is in December (10.52 Sv) (Figure 

5.34). The discrepancy in phase of the volume transport between the Makassar Strait 

and the SCS can be explained as a result of the difference of current regime between 

them which is very much related to the monsoonal wind fields over the region.

The Java and Flores Straits are two narrow and shallow passages. The contributions 

to the total ITF transport of these two passages are 1.15 Sv and 1.37 Sv respectively. 

However the actual magnitude is possibly smaller than that because, as mentioned 

before, these two straits have been widened due to the horizontal resolution of the 

model. The model stop at 60°S (the southern boundary) and is not primarily designed 

to model the ACC where transport is about 147±10 Sv south of Australia (Rintoul et 

al. 2001). The volume transport of the ACC produced by the model is about 90.58 Sv 

with the maximum from April to October and the minimum from November to 

March.

Figure 5.34 shows that the Java, Lombok and Flores Straits almost have the same 

phase of throughflow variability. The maximum of the transport occurs in July and 

August which is a 2 months lag in comparison with the Ombai Strait and the Timor 

Strait. The discrepancy in phase o f the volume transport between the sections could 

be explained as the Indonesian Seas are fed from the difference sources at different 

time in the year which is associated with the large-scale and local forcing o f the wind 

fields, and the geometry o f the region.
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Table 5.7: The monthly-mean variation o f the volume transport at the sections (Sv).

ACC SCS Makassar Java Lombok Flores Ombai Timor

January 75.27 -10.36 -3.00 -1.11 -2.66 -0.39 -5.99 -3.15

February 80.16 -8.03 -5.20 -1.11 -3.05 -0.73 -5.99 -3.83

March 86.58 -5.29 -7.76 -1.10 -3.08 -1.21 -5.82 -4.18

April 91.79 -2.18 -9.29 -1.09 -2.41 -1.34 -6.98 -5.12

May 95.90 -0.80 -9.68 -0.93 -1.98 -1.44 -8.36 -6.16

June 100.39 -0.55 -10.32 -1.19 -3.52 -1.95 -7.38 -6.00

July 103.39 -0.82 -10.92 -1.54 -4.39 -2.35 -6.33 -5.68

August 103.54 -1.85 -10.37 -1.68 -4.38 -2.29 -5.48 -4.85

September 100.55 -3.67 -8.80 -1.44 -4.05 -2.04 -5.10 -4.24

October 91.93 -5.70 -6.36 -1.00 -3.27 -1.43 -5.45 -3.85

November 81.86 -8.32 -3.42 -0.70 -2.73 -0.79 -5.52 -2.91

December 75.63 -10.52 -2.04 -0.89 -2.63 -0.44 -5.65 -2.65

Mean value 90.58 -4.84 -7.26 -1.15 -3.18 -1.37 -6.17 -4.39

Note: The negative values show transport to the Indian Ocean, the positive values 
show the transport to the Pacific Ocean.

SCS ..............M a k a s s a r Java — —  L o m b o k

F lo re s  O m b a i -------------T im o r

Figure 5.34: The seasonal variability o f the ITF at the main passages in the 
Indonesian Seas.
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5.4. Spin-down experiments (Case 5.8, 5.9)

Two spin-down experiments were carried out in order to examine the role of the 

hydrographical fields (the temperature and salinity) on the volume transport of the 

throughflow between the oceans. These two experiments were based on Case 5.7 

experiment. They are hereafter referred to as Case 5.8 or spin-down 1 (No wind, no 

relaxation at all), and Case 5.9 or spin-down 2 (No wind, the deep ocean relaxed, no 

surface relaxation). The model experiments were run for 20 years, starting from rest. 

The total kinetic energy and volume transport through the Indonesian Seas were 

calculated and plotted as shown in Figures 5.35 & 5.36 (Case 5.8), Figures 5.37 & 

5.38 (Case 5.9).

Case 5.8: The model run settled down rather quick with the total kinetic energy does 

not changing much after approximately 10 years (Figure 5.35). With no relaxation 

and no wind stress applied, meaning no driving force, there was a gradual decrease 

of the volume transport from Pacific to Indian Ocean from about 22 Sv initially to 

near zero in year 12 (Figure 5.36). This experiment showed that the setting with the 

initial density fields to climatology (the salinity and temperature fields derived from 

the Levitus Atlas, 1998 (NODCW OA98)) created a pressure gradient between the 

oceans which drives water from the Pacific to Indian Ocean.

Case 5.9: In this case the total kinetic energy shows that the model settled down 

faster than Case 5.8, just after approximately 2 years compared to 10 years in Case 

5.8 (Figure 5.37). This might be explained as that in this case, the deep ocean is 

already relaxed and therefore the adjustment mainly happens in the mixed layer. 

With the deep ocean relaxed the volume transport from Pacific to Indian Ocean 

decreased from 22 Sv initially to 15 Sv in year 2 and then remained stable around 

this value (Figure 5.38). This shows that the deep ocean contributes a large amount 

to the total volume transport of the throughflow.

These two experiments have proved that the stratification of the salinity and 

temperature in the Pacific and Indian Oceans can produce a strong Indonesian 

Throughflow (ITF).
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Figure 5.35: The KE o f the spin-down 1 scenario (no wind, no relaxation). The 
model was run from rest to 20 years.

Figure 5.36: The ITF o f the spin-down 1 scenario (no wind, no relaxation). The 
model was run from rest to 20 years.
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Figure 5.37: The KE of the spin-down 2 scenario. The model was run from rest to 20 
years (no wind, deep ocean relax, no surface relaxation).

Sv

Figure 5.38: The ITF of the spin-down 2 scenario. The model was run from rest to 20 
years (no wind, deep ocean relax, no surface relaxation).

5.5. The density driven flow and the ITF (Case 5.10)

Throughout the experiments, it is shown that the ITF transport generated by the wind 

forcing is rather small compared to recent observational and numerical studies. 

Therefore an experiment, referred to as Case 5.10, with no wind forcing has been
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carried out to examine the ITF under thermal forcing conditions alone (the wind 

stress is switched off but the monthly-mean temperature and salinity fields derived 

from Levitus Atlas, 1998 are still applied and relaxed as in Case 5.7).

The annual-mean barotropic flow and the mixed layer flow which are driven by 

thermal forcing alone are shown in the Figure 5.39 and Figure 5.40 respectively. The 

annual-mean barotropic flow shows a strong current in the southern part o f the SCS 

flowing into the Java Sea. This current joins with southwards flow in the Makassar 

Strait before exiting to the Indian Ocean (Figure 5.39) via Lombok Strait. The mixed 

layer throughflow is characterised by an intense and rather strong current (40-50 

cm/s) from the Pacific Ocean to the Celebes Sea and flowing southwards through the 

Makassar Strait to join with the current from the SCS. This throughflow partially 

exits to the Indian Ocean through the Lombok Strait, the remainder enters the Flores 

Sea (exit to the Indian Ocean through the Flores Strait) and southern Banda Sea (exit 

to the Savu Sea through the Ombai Strait) and eventually flows out o f the Indonesian 

Seas through the Timor Sea to form the westwards zonal jet in the Indian Ocean at 

latitudes 10°S-13°S (Figure 5.40).

The model results show a small seasonal variability of the volume transport; with the 

magnitude of the annual-mean volume transport of about 15.06 Sv. The annual-mean 

transport at the main passages is almost similar to Case 5.7 (Table 5.8). This result 

suggests that the wind forcing does not significantly change the volume transport but 

influences its variability. It also shows that the density gradient between the oceans is 

sufficient to control the surface flow. The results suggest that both wind and density 

forcing need to be taken into account to correctly simulate the ITF and its seasonal 

variation.

Table 5.8: The annual-mean volume transport at the main passages produced by the
thermal forcing alone.

A C C SCS M a kassa r Ja va Lom bok Flores O m bai T im or The ITF

54.64 -3.4 7 -7.62 -1.12 -3.2 0 -1.48 -5.6 6 -3 .6 0 -15 .06

Note: The ITF transport is the summation of the volume transport from the 
Java, Lombok, Flores, Ombai and Timor sections. Negative values 
show transport to the Indian Ocean.
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Figure 5.39: The annual-mean barotropic circulation in the Southeast Asia region 
(no wind forcing).

Figure 5.40: The annual-mean circulation of the mixed layer in the Southeast Asia 
region (no wind forcing).
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5.6. Summary

Despite the model experiments with idealised topography and wind forcing in the 

previous Chapter showing that the idealised wind forcing can produce a rather high 

volume transport between the basins, the experiments with the realistic wind forcing 

and topography have pointed out that the wind forcing alone over the ocean surface 

can produce a rather high seasonal variation o f the volume transport between the 

oceans but it only produces a rather small ITF transport compared to recent 

observational and numerical studies.

The experiment with both thermal and wind forcing gives a total annual-mean 

volume transport from the Pacific Ocean to the Indian Ocean of about 16.25 Sv, and 

shows a strong seasonal variation with the minimum transport o f about 12.26 Sv in 

December, and the maximum transport o f about 20.28 Sv in July. The Makassar 

Strait contributes approximately 50% of the total ITF transport and the SCS plays a 

significant role in the variability o f the ITF. The model result shows that during 

certain periods o f the year, the ITF source is only from the northern hemisphere and 

at other time it is from both northern and southern hemispheres. In the vertical, most 

o f the volume transport o f the throughflow appears in the upper layer with the first 

two upper layers contributing a total o f over 10 Sv (62%). The deep layers also 

contribute a significant amount (over 6 Sv) to the volume transport o f the 

throughflow. The model result is in very good agreement with the observations and 

other numerical studies.

The spin-down experiments have proved that the stratification o f the salinity and 

temperature in the Pacific and Indian Oceans can produce a strong Indonesian 

Throughflow (ITF). The experiment with the thermal forcing only (no wind forcing) 

showing that the density gradient between the oceans is sufficient to control the 

throughflow, especially in the upper layer.

The model has also successfully reproduced ocean circulation features such as the 

well-known Kuroshio, equatorial current system in the Pacific Ocean, and the 

Somali, the Agulhas, the equatorial current system and westwards zonal jet and 

especially the intense surface eastwards equatorial je t in the transition period in the
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Indian Ocean. The western boundary current in the Pacific Ocean, the circulation in 

the SCS and the Indonesian Seas seem related to large-scale forcing over the Pacific 

Ocean, and the geometry of the region.

Throughout the model experiments, the main driving forces o f the ITF are the wind 

stress and the thermal forcing. The wind stress over the ocean surface produced a 

relatively small amount of the ITF transport compared to the observation and other 

numerical studies but it is responsible for the seasonal variability o f the ITF. 

Therefore both the wind and thermal forcing need to be taken into account to 

correctly simulate the ITF and its seasonal variation.

The model limitations are that there were no sea-air interactions, no heat exchanges 

between sea and atmosphere. The eastern boundary did not cover the whole Pacific 

Ocean therefore could not fully reproduce large-scale processes in the Pacific Ocean.
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C h a p t e r ó

THE ITF RESPONSE TO EXTREME CLIMATIC CONDITIONS 

6.1. Introduction

The early theoretical work of Wyrtki (1987) and Clarke and Liu (1994) hinted at a 

relationship between the ITF and ENSO. They suggested that the volume transport of 

the ITF would be reduced (enhanced) during El Niño (La Niña) events. The 

hypothesis was based on the change in the Pacific trade winds during ENSO events 

and the associated responses of the sea level of the western Pacific and eastern Indian 

Ocean. Other work (Meyer, 1996) showed that the depth integrated transport 

between Australia and Java, computed from observational data (temperature and 

salinity data) was enhanced during the La Niña event of 1988/1989 and reduced 

during the El Niño of the early 1990s.

However in more recent studies (England and Huang, 2005; Sprintall et al, 2004) a 

major part of the inter-annual variation in ITF appears to be independent of ENSO, 

and there are several years in which the ITF transport does not appear to match 

ENSO variation. Potemra and Schneider (2007) suggested that the discrepancy 

between ENSO and the ITF variability may be explained by the observed estimates 

being based on a geostrophic calculation while the actual flow maybe ageostrophic; 

the calculation relies on a level of no motion that may not be accurate; the inter

annual forcing may act differently on different vertical layers of the ITF; and it may 

be the case that inter-annual variations of the ITF are caused by something other 

than, or in combination with, ENSO.

Since the beginning of the 20th century, the average global surface temperature has 

increased (Wainwright et al., 2008). The IPCC predicts global temperature change of

1.4 - 5.8K due to global warming from 1990-2100 (IPCC, 2001). It is therefore of
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interest to examine the change of the ITF transport under the conditions of global 

warming.

In this Chapter, model experiments are reported which were carried out to examine 

the long term change of the ITF transport, the ITF transport in ENSO events, and ITF 

transport under the idealised global warming conditions. Based on the model result 

the correlation analysis was also implemented to determine the strength of the 

relationship between the ITF transport and ENSO.

6.2. Interannual variability of the ITF

6.2.1. Model setup

In order to examine the interannual variability of the volume transport of the ITF, it 

needs to be run over several years to allow significant fluctuation from the mean 

values. Therefore the model was run for 20 years, restarting from the previous 20- 

year model run in the previous chapter (Case 5.7). The model was forced by the 

monthly-mean time series (from 1982 to 2001) of the wind stress, temperature and 

salinity derived from the MIT-ECCO-GODAE dataset. This data set is a contribution 

of the Consortium for Estimating the Circulation and Climate of the Ocean (ECCO) 

funded by the National Oceanographic Partnership Program. The volume transport of 

the ITF was calculated at the same sections as in Case 5.7. This model experiment is 

hereafter referred to as Case 6.1.

6.2.2. Model result

The ITF transport produced by the MIT-ECCO-GODAE dataset appears to match 

with the ITF transport produced by the Levitus Atlas, 1998 dataset in Case 5.7, with 

the annual-mean volume transport of about 16.06 Sv (Table 6.1). The ITF transport 

produced by the monthly-mean time series (from 1982 to 2001) of the wind stress, 

temperature and salinity fields of the MIT-ECCO-GODAE dataset is almost the same 

the ITF transport produced by the monthly-mean fields of the Levitus Atlas, 1998 

suggesting that these two datasets are in good agreement, and the monthly-mean data 

of the Levitus Atlas, 1998 can be used to simulate the ITF transport.
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The result in Table 6.1 shows that, in the vertical, the total volume transport of the 

ITF mainly occurs in the upper layer with the first two layers contributing of about

10.02 Sv, accounting for more than 62 % of the total mean ITF transport. The deep 

layers at the Ombai Strait and Timor Strait also contribute a rather large amount to 

the total volume transport (6.15 Sv -  38%), suggesting that the deep layers play an 

important role in the volume transport between the Pacific and Indian oceans through 

the Indonesian seas. This result is in good agreement with the result of Cases 5.7 & 

5.9.

In terms of inter-annual variability we can see from Figure 6.1 and the corresponding 

El Niños, La Niñas from 1982-2001 in Table 6.2 that there is a clear link between 

ENSO events and the time series of the annual-mean transport of ITF where the 

annual-mean volume transport of the ITF reduced in the El Niños and enhanced in 

the La Niñas. Figure 6.1 also shows that the annual-mean volume transport of the 

ITF showing an increasing trend from 1982 to 2001, however this is more likely a 

model drift rather than a realistic increase of the ITF transport. In order to clarify 

whether it is a realistic increasing trend of the ITF transport or just a model drift, the 

model run with a variety of different start dates could be the solution.

Table 6.1: The annual-mean volume transport o f the ITF at the sections, and at the
different layers (Sv).

ACC SCS M akassar Java Lomb Flores Ombai Tim or ITF

Mixed layer 32.84 -4.02 -1.69 -0.88 -1.40 -0.64 -0.68 -1.92 -5.51

layer 5 0.00 -0.87 -3.03 -0.10 -1.62 -0.68 -0.89 -1.22 -4.51

layer 4 -2.02 0.00 -2.42 0.00 0.00 0.00 -2.25 -1.30 -3.55

layer 3 25.78 0.00 0.04 0.00 0.00 0.00 -2.25 -0.35 -2.60

layer 2 10.59 0.00 0.00 0.00 0.00 0.00 -0.01 0.01 0.00

Bottom 20.70 0.00 0.09 0.00 0.00 0.00 0.00 0.11 0.11

Sum 87.89 ■4.89 ■7.01 -0.98 -3.02 -1.32 -6.08 -4.67 -16.06

Note: The volume transport o f the ITF (last column) is the summation o f the 
Java, Lombok, Flores, Ombai, and Timor sections only.
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Table 6.2: Cold and warm ENSO episodes by season.
(http://www. cpc. noaa. gov/products/analysis_mon itoring/ensostuff/ensoyears. ERSST. v2. shtml)

Y ear JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

1982 0.0 0.1 0.2 0.4 0.6 0.7 0.8 1.0 1.5 1.9 2.2 2.3

1983 2.3 2.0 1.6 1.2 1.0 0.6 0.2 - 0.2 -0.5 -0.8 -0.9 -0.8

1984 -0.5 - 0.3 - 0.2 - 0.4 - 0.5 - 0.5 - 0.3 - 0.2 - 0.3 -0.6 - 1.0 - 1.1

1985 - 1.0 -0.8 -0.8 -0.8 -0.7 -0.5 - 0.4 - 0.4 - 0.4 - 0.3 - 0.2 - 0.3

1986 - 0.4 - 0.4 - 0.3 - 0.2 - 0.1 0.0 0.2 0.5 0.7 0.9 1.1 1.2

1987 1.3 1.2 1.1 1.0 1.0 1.2 1.5 1.6 1.6 1.5 1.3 1.1

1988 0.8 0.5 0.1 - 0.3 -0.8 -1.2 -1.2 -1.1 -1.3 -1.6 -1.9 -1.9

1989 -1.7 -1.5 - 1.1 -0.9 -0.6 - 0.4 - 0.3 - 0.3 - 0.3 - 0.3 - 0.2 - 0.1

1990 0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.4

1991 0.5 0.4 0.4 0.4 0.6 0.8 0.9 0.9 0.8 1.0 1.4 1.7

1992 1.8 1.7 1.6 1.4 1.1 0.8 0.4 0.2 - 0.1 - 0.1 0.0 0.1

1993 0.3 0.4 0.6 0.8 0.8 0.7 0.5 0.4 0.4 0.3 0.2 0.2

1994 0.2 0.3 0.4 0.5 0.6 0.6 0.6 0.6 0.7 0.9 1.2 1.3

1995 1.2 0.9 0.7 0.4 0.2 0.1 0.0 - 0.3 -0.5 -0.6 -0.7 -0.8

1996 -0.8 -0.7 -0.5 - 0.3 - 0.2 - 0.2 - 0.1 - 0.2 - 0.2 - 0.2 - 0.3 - 0.4

1997 - 0.4 - 0.3 0.0 0.4 0.9 1.4 1.7 2.0 23 2.4 2.5 2.5

1998 2.4 2.0 1.4 1.1 0.4 - 0.1 -0.8 - 1.0 -1.1 -1.1 -1.3 -1.5

1999 -1.6 -1.2 -0.9 -0.7 -0.8 -0.8 -0.9 -0.9 - 1.0 -1.2 -1.4 -1.6

2000 -1.6 -1.5 -1.1 -0.9 i © -0.6 - 0.4 - 0.3 - 0.4 -0.5 -0.7 -0.7

2001 -0.7 -0.5 - 0.4 - 0.2 - 0.1 0.1 0.2 0.1 0.0 - 0.1 - 0.2 - 0.2

2002 - 0.1 0.1 0.3 0.4 0.7 0.8 0.9 0.9 1.1 1.3 1.5 13

2003 1.1 0.8 0.6 0.1 - 0.1 0.0 0.3 0.4 0.5 0.5 0.6 0.5

2004 0.4 0.2 0.2 0.2 0.3 0.4 0.7 0.8 0.9 0.9 0.9 0.8

2005 0.6 0.5 0.3 0.4 0.5 0.3 0.2 0.0 0.0 - 0.2 - 0.4 - 0.7

2006 - 0.8 - 0.7 - 0.4 - 0.2 0.0 0.1 0.3 0.4 0.7 0.9 1.1 1.1

2007 0.8 0.3 0.1 - 0.1

Note: (Warm (red) and cold (blue) episodes based on a threshold of +/- 0.5"C for the 
Oceanic Nino Index (ONI) [3 month running mean of ERSST. v2 SST anomalies in the 
Nino 3.4 region (5"N-5°S, 12(f-l7(fW)], based on the 1971-2000 base period. For 
historical purposes cold and warm episodes (blue and red numbers) are defined 
when the threshold is met for a minimum of 5 consecutive over-lapping seasons).

http://www
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Figure 6.1: The inter-annual variability o f the total volume transport o f the ITF from  
1982-2001. The model was forced by monthly-mean time-series o f MIT- 
ECCO-GODAE data set.

In order to determine the strength of the relationship between the ITF and ENSO 

using the output from the numerical models, the MICOM model and the OCCAM 

1/12 degree global ocean model (the volume transport of the ITF of the OCCAM 

model was provided by David Stevens, University of East Anglia, personal 

communication), and the ONI index. The most widely used correlation coefficient 

(Pearson’s correlation coefficient - r) has been calculated. The formula for 

calculating Pearson’s correlation coefficient is as following:

JX(*-J2Z(y-yf
where x, y are the samples.

To test the significance of the relationship, the statistic t was calculated using the 

formula:

where r is Pearson’s correlation coefficient, and n is the number of samples. The t 

statistic then will be used with a t-table (two-tailed test) to find out the confidence 

level of the relationship.
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Due to the difference in time periods between the model outputs (the MICOM model 

from the period of 1982-2001, and the OCCAM model from the period of 1989

2001), the correlation analysis were mainly carried out for the period of 1989-2001. 

The analysis for the whole period of 1982-2001 was the analysis for the MICOM 

model result which will be used to examine the relationship between the annual- 

mean of the ITF with ENSO events, and relationship between the mean ITF transport 

and the strong ENSO events only (ENSO events which have the ONI indexes higher 

than 1.0). The results of correlation analysis for the ITF transport and the ONI index 

are shown in Tables 6.3, 6.4 and 6.5.

The time-series of the monthly-mean volume transport of the ITF (Figure 6.2) shows 

a strong seasonal variability of the ITF transport. However as showed in Tables 6.3 

& 6.4, in terms of the monthly-mean scale, based on the calculation of 156 samples 

(156 months) both outcome of the MICOM and OCCAM models show a very weak 

relationship between the ITF transport and ENSO with the correlation coefficients of 

about 0.11 (80% of confidence level) and 0.27 (99% of confidence level) 

respectively. In terms of the annual-mean scale there only 13 samples (13 years, 

1989-2001) which were used for the correlation analysis. The result shows that there 

was a rather strong relationship between the annual-mean of ITF transport and 

ENSO. The correlation coefficient between the MICOM model outcome and the ONI 

index is 0.63 with the confidence level of 0.025 (97.5 % of confidence), and the 

OCCAM model outcome is about 0.89 and the confidence level of 0.01 (99% of 

confidence) (Tables 6.3 & 6.4, Figure 6.3). The analysis for the period of 1982-2001 

with the outcome of the MICOM model (Table 6.5) shows a weaker relationship 

with the correlation coefficient of about 0.35 (80% of confidence level) which is 

similar to the result of England and Huang (2005).

Further correlation analysis between the ITF transport of the MICOM model and the 

ONI index in the strong ENSO events shows a very high correlation, if the annual 

mean value of the ONI index higher than 1.0 (6 strongest ENSO events from 1982

2001) then the correlation coefficient is about 0.89 with 97.5% of confidence (Table 

6.5, Figure 6.4). The result of correlation analysis for the OCCAM model result for 

the period of 1989-2001 (5 ENSO events) also shows a strong relationship between 

the ITF and the ENSO events with the correlation coefficient of 0.89 with the 

significance level of about 0.05 (95% of confidence) (Table 6.4).
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With the rather high correlation coefficients of the both numerical models, we can 

say in confidence that, in terms of annual-mean scale there was a strong relationship 

between ITF and ENSO during the period 1989-2001. The reason why the OCCAM 

model output shows stronger relationship between ITF and ENSO can be explained 

by the OCCAM 1/12° being a global ocean model with very high resolution, 

therefore it can capture fully the large scale effects of the ENSO on the ITF. 

Meanwhile the MICOM model, due to some constrains with computer resources, was 

configured to run mainly for the Southeast Asia region (a regional model).

Table 6.3: Correlation coefficient between ITF (MICOM model 0.5°) and ONI index 
(Data series: 1/1989-12/2001).

N Correlation 
coefficient (r)

t Confidence 
level(p)

Monthly mean ITF 156 0.11 1.41 0.2 (80 %)

Annual mean ITF 13 0.63 2.72 0.025 (97.5%)

Table 6.4: Correlation coefficient between ITF (OCCAM model 1/12°) and ONI 
index (Data series: 1/1989-12/2001).

N Correlation 
coefficient (r)

t Confidence 
level (p)

Monthly mean ITF 156 0.27 3.42 0.01 (99%)

Annual mean ITF 13 0.85 5.42 0.01 (99%)

ENSO events (1989-2001) 5 0.89 3.46 0.05 (95%)

Note: The ENSO events from  1989 to 2001 were the El Niño (1991-1992), El Niño 
(1994-1995), La Niña (1995-1996), El Niño (1997-1998), and La Niña (1998
2000).

Table 6.5: Correlation coefficient between ITF (MICOM model 0.5°) and ONI index 
(Data series: 1/1982-12/2001).

N Correlation 
coefficient (r)

t Confidence 
level (p)

Annual mean ITF for the 
whole 1982-2001 period

20 0.35 1.58 0.2 (80%)

Strong ENSO events 
(ONI index higher than 1.0)

6 0.89 3.96 0.025 (97.5%)
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i----- 1 ENSO index------ ITF transport

Figure 6.2: The monthly-mean volume transport o f the ITF and the ENSO index 
(1982-2001).

Figure 6.3: The annual mean volume transport o f the ITF and the ENSO index 
(1987-2001).

Figure 6.4: The volume transport o f the ITF and the 6 strongest ENSO events (the 
index is higher than 1.0.
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6.3. The ITF in the strongest ENSO events

6.3.1. Model setup

The ENSO events which have been chosen to examine the volume transport of the 

ITF are the four strongest ENSO events during the period of 1982-2007, including El 

Niños 1982-1983 & 1997-1998, and La Niñas 1988-1989 & 1998-2000. They are 

hereafter referred to as El Niño 1982, El Niño 1997, La Niña 1988 and La Niña 1999 

respectively. These ENSO events have been chosen based on the Oceanic Niño Index 

(ONI), ERSST Version 2 which was produced by NOAA/National Weather Service, 

National Center for Environmental Prediction, Climate Prediction Center (Table 6.2 

and Figure 6.5).

The result of the experiments in Chapter 5 (Cases 5.7 & 5.9) and Case 6.1 (this 

chapter) shows that despite the deep layer contributing a rather large amount of the 

volume transport between the oceans, most of the volume transport of the ITF 

appears in the upper ocean. Therefore when setting up the present model experiment, 

the temperature and salinity of the deep layer was still the climatological Levitus 

Atlas, 1998 data as in Case 5.7 but the wind stress and the temperature and salinity 

fields of the mixed layer are replaced by the monthly-mean data derived from the 

MIT-ECCO-GODAE dataset.

The model was run for 5 years, restarting from the 20th year of the model run of Case

5.7, and forced repeatedly by an annual cycle of the monthly-mean wind stress and 

the temperature and salinity fields. For the El Niño event 1982-1983, the ONI index 

showing that the El Niño event extended from May 1982 to June 1983 (the index is 

higher than 0.5) therefore, in order to create one year of input data which covered the 

ENSO event but also started from January for the model run, we have used the data 

of the early months of the year 1983 (from January to May) to replace the data of 

those months of the year 1982. This method was applied to the other events with the 

corresponding adjustment to the starting months of the ENSO events.
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Figure 6.5: The illustration o f the ENSO events.
(http://www. cdc. noaa. gov/people/klaus. wolter/MEl/mei. html).

6.3.2. Model result

In an El Niño event the surface temperature of the western Pacific Ocean decreases 

(suggesting a reduced ITF as the hypothesis of Wyrtki, 1987), and in a La Niña event 

the surface temperature increases (suggesting an enhanced ITF). The model 

experiment results showing that the variability of the ITF transport (Figures 6.6 and 

6.7) is almost identical during the 5 model years, suggesting that the model responds 

very well to the change of the driving forces. In the case of the El Niño 1982-1983, 

even though the annual mean value of the total volume transport of the ITF is higher 

than that in Case 5.7, the ITF transport has rather small amplitude of seasonal 

variability compared to Case 5.7 and the El Niño event 1997. In the La Niña 

condition the total volume transport of the ITF is shifted with both the maximum 

(minimum) values are higher than the maximum (minimum) of Case 5.7.

In the El Niño events, the ITF volume transport shows a complicated variability 

compared to the La Niña events. During the El Niño event 1997, the volume 

transport shows two maxima (January and June) and two minima (May and 

December). In El Niño 1982, the volume transport shows a more complicated 

variation with a fluctuation between months; there is one maximum of volume 

transport in July and two minima of volume transport in March and November. In the 

La Niña events, the ITF transport variability is rather smooth and matches with the 

ITF transport in Case 5.7. However the phase of the maximum values of the transport 

has shifted. The maximum transport in the case of the La Niña event 1988 occurs one 

month earlier (June), and it is two months earlier in the La Niña 1999 (May).

http://www
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The model results of the four strongest ENSO events show that in all cases there is 

enhancement of the ITF transport compared to the volume transport in Case 5.7 

(considered to as the normal condition). Among the four ENSO events, the total 

volume transport of the ITF in the case of the La Niña event 1999 is highest (Table 

6.6 and Figure 6.8). All four most extreme cases have bigger ITF transport than the 

long-term mean (16.06 Sv, Case 6.1) plus confidence limits (0.49) and so are 

significantly outside the usual interannual variability. The enhancement of the total 

volume transport of the ITF in the El Niño events disagrees with the hypothesis of 

Wyrtki (1987), Clarke and Liu (1994), and the observation of Mayer (1996). 

However as suggested by Potemra and Schneider (2007) the enhancement of the total 

ITF transport in the El Niño events could be explained as wind patterns that do not 

adhere to the typical ENSO conditions, or it could be that flow in the deep layer is 

playing the role. Based on our model experiments the later one is likely the case as 

we can see from Cases 5.7, 5.9, and 6.1 the deep layers contributes a large amount to 

the total volume transport between the oceans.

Table 6.6: The annual mean volume transport o f the ITF in the typical ENSO events 
(Sv) at different layers.

El Niño 
1982

La Niña 
1988

El Niño 
1997

La Niña 
1999

ITF
(Case 5.7)

M ix e d - la y e r -6 .4 1 -5 .7 4 -6 .7 9 -6 .6 8 -5 .6 9

L a y e r  5 -4 .5 8 -4 .7 7 -5 .3 5 -5 .0 1 -4 .4 5

L a y e r  4 -3 .3 6 -3 .8 4 -2 .9 9 -3 .5 7 -3 .6 1

L a y e r  3 -2 .5 7 -2 .7 0 -2 .0 5 -2 .4 1 -2 .6 1

L a y e r  2 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

B o tto m  L a y e r 0 .1 1 0 .1 0 0 .1 1 0 .1 1 0 .1 0

Total transport -16.80 -16.94 -17.07 -17.56 -16.26
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Sv
-24.00

Figure 6.6: Comparison between the volume transport of the ITF in the El Nino events 
conditions and volume transport produced by the monthly mean (Sv).

-24.00 Sv

- 10.00
■Case 5.7 ■La Nina 1988 •La Nina 1999

Figure 6.7: Comparison between the volume transport o f the ITF in the La Niña 
events conditions and volume transport produced by the monthly mean (Sv).

Figure 6.8: The volume transport o f the ITF in the typical ENSO events (Sv).
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6.4. The ITF response to global warming

6.4.1. Model setup

Numerical model predictions for global warming to the year 2100 relative to global 

average temperature in the year 2000 show an average increase of ocean water 

temperature of about 2.9 K, ranges from 2.0 K to 3.8 K (Table 6.7 and Figure 6.9). 

The two final model runs was carried out to examine the influence of the idealised 

global warming condition on the ITF transport. The sea surface temperature (SST) 

field was derived by increasing the realistic temperature field from the MIT-ECCO- 

GODAE dataset which has been used in the previous experiments (Case 6.1). The 

salinity field and wind forcing over the surface were kept unchanged. In the first 

experiment (referred to as GW1), we assume that both the Pacific Ocean and the 

Indian Ocean have the same increase in the SST. In order to see what might happen 

to the ITF transport if the SST in the Pacific Ocean increases more than the SST in 

the Indian Ocean, a second experiment (referred to as GW2) is performed with the 

SST in the Pacific Ocean increased by 3.5 K and the SST in the Indian Ocean 

increased by 2.5 K. The water of the SCS is considered as originated from the Pacific 

Ocean, therefore when increasing the SST, the Pacific Ocean and Indian Ocean are 

simply separated by a thick red line as showed in the Figure 6.10.

Table 6.7: Temperature increase from 2000 to 2100 (K).

Model Total Land Ocean

CCSR/NIES 4.7 7.0 3.8

CCCma 4.0 5.0 3.6

CSIRO 3.8 4.9 3.4

Hadley Centre 3.7 5.5 3.0

GFDL 3.3 4.2 3.0

MPI-M 3.0 4.6 2.4

NCAR PCM 2.3 3.1 2.0

NCAR CSM 2.2 2.7 2.0

Mean 3.4 4.6 2.9
(Robert A. Rohde, 2007)
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5 _

1900 1950 2000 2050 2100
Figure 6.9: The predicted temperature to the year 2100 (Robert A. Rohde, 2007).
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Figure 6.10: The line for SST increase in the case GW2.

6.4.2. Model result

The annual mean transports of the ITF in cases GW1 and GW2 are -15.57 Sv and - 

15.48 Sv respectively, slightly smaller than in Case 6.1 (Table 6.8). In terms of the
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monthly-mean transport, the variation of the ITF transport in cases GW1 and GW2 is 

almost identical to each other and to Case 6.1 (Figure 6.11).

It is interesting to note that in case GW2 the SST of the Pacific Ocean is 1.0 K higher 

than that in the Indian Ocean. This would be expected to inflate the sea surface 

height in the Pacific Ocean while lowering the sea surface height in the Indian 

Ocean, and as a result would increase the volume transport of the ITF. However the 

model result shows that it occurs in the opposing manner, meaning a decrease, where 

the ITF transport in Case GW2 is slightly smaller than the ITF transport in Case 6.1. 

This unexpected behaviour of the ITF transport could be a result of the influence of 

the change of ACC or due to the local change in the Indonesian Seas where the IK 

step change could induce a jet.

The result suggests that the increase in SST has made changes to the ITF transport 

but is not significant, and thus the relationship between the ITF transport and the 

idealised global warming is not as strong as might be expected and maybe associated 

with other processes which have not been captured in the model due to the time 

scale, resolution, or other details of the model.

Table 6.8: The annual mean volume transport o f the ITF under idealised global 
warming condition.

C a s e  6 .1 G W 1 G W 2

M ix e d  la y e r -5 .5 1 -5 .4 9 -5 .2 5

L a y e r  5 -4 .5 1 -4 .4 4 -4 .4 9

L a y e r  4 -3 .5 5 -3 .3 7 -3 .4 1

L a y e r  3 -2 .6 0 -2 .3 8 -2 .4 4

L a y e r  2 0 .0 0 0 .0 0 0 .0 0

B o tto m 0 .1 1 0 .1 1 0 .1 1

Summary -16.06 -15.57 -15.48
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----- Case 6.1 ---- GW 1 -------GW 2

Figure 6.11: The monthly-mean ITF transport reproduced by the linear increase of 
the SST.

6.5 Summary

The annual mean volume transport of the ITF produced by the monthly-mean time 

series MIT-ECCO-GODAE dataset (froml982-2001) is about 16.06 Sv. The total 

volume transport of the ITF mainly occurs in the upper layer with the first two layers 

contributing of about 10.02 Sv (62 % of the total mean ITF transport). The deep 

layers play an important role in the volume transport between the oceans with the 

transport of the deep layers in the Ombai and Timor Straits contributing a total 

volume transport of 6.15 Sv (38%).

The monthly-mean time series volume transport of the ITF (froml982-2001) shows a 

strong seasonal variability of the ITF transport. However the correlation analysis for 

both the MICOM and OCCAM 1/12 model output show a very weak relationship 

with ENSO events where the correlation coefficients of about 0.11 (80% of 

confidence level) and 0.27 (99% of confidence level) respectively.

In terms of the annual-mean scale there is a clear link between ENSO and the ITF 

transport where the ITF volume transport reduced in the El Niños and enhanced in 

the La Niñas. The correlation coefficient between the annual-mean ITF transport
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produced by the MICOM and OCCAM 1/12 models and the ONI index is 0.63 (97.5 

% of confidence) and 0.89 (99% of confidence) respectively. The analysis for the 

whole period (from 1982-2001) of the MICOM model shows a weaker relationship 

with the correlation coefficient of about 0.35 (80% of confidence level) which is 

similar to the result of England and Huang (2005). Further correlation analysis 

between the ITF transport of MICOM model and the 6 strongest ENSO events from 

1982-2001 shows a very high correlation with a correlation coefficient of about 0.89 

(97.5% of confidence).

The model results show that there is only enhancement of the ITF transport in the 

four strongest ENSO events (during the period of 1982-2001). The enhancement of 

the total volume transport of the ITF in the El Niño events disagrees with the 

hypothesis of Wyrtki (1987), Clarke and Liu (1994), and the observation of Mayer 

(1996). This could be explained if the wind patterns do not adhere to the typical 

ENSO conditions, or it could be that the deep layer is playing a role as the model 

experiments (Cases 5.7, 5.9, and 6.1) show that the deep layers contribute a large 

amount to the total volume transport between the oceans.

The experiments with idealised global warming conditions (linear increase of the 

surface layer temperature) show that the increase of the surface temperature 

decreases the volume transport between the oceans but the changes are not 

significant. It suggests that global warming seems to make a little change to the 

volume transport of the ITF. However the experiments were only a test with an 

idealised condition therefore the result should be considered preliminary.
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C h a p t e r 7

DISCUSSION AND CONCLUSION

In all the idealised experiments the models performed reliably and reproduced rather 

well the physical phenomena such as the basin scale gyres, boundary currents and 

equatorial currents. The volume transport reproduced by the MICOM model closely 

matches the Sverdrup balance in terms of the location of gyres and interior transport. 

The model results show that the volume transport between the basins is sensitive to 

the applied wind stress regime, the strength of the wind stress, and the topography, in 

particular the size of the domain, number of channels and the width and latitude of 

the shallow channel. The result of applying Godfrey’s Island Rule to calculate the 

volume transport for the idealised geometries and wind stress showed that the 

“correct” Island Rule did not give good result compared to the MICOM model but 

that by changing the wind stress to the channel average the calculated transport is 

much more like the numerical model.

Although the POLCOMS model successfully reproduced the classical wind-driven 

flow, especially the equatorial counter current, due to technical problems with water 

mass conservation and computer resources the model was not selected for the 

realistic topography and forcing experiments. The MICOM model was successfully 

set up and reproduced the circulation, volume transport and its responses to change 

of topography and forcing, and therefore it was used in the experiments with the 

realistic topography and forcing.

The MICOM model was successfully set up and tailored to the complex topography 

of the Southeast Asia region. The ocean circulation features in the western Pacific 

and Indian Oceans were successfully reproduced. The model results also show that 

the western boundary current in the Pacific Ocean, the circulation in the South China
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Sea, and the Indonesian Seas seem related to large-scale forcing over the Pacific 

Ocean, and the geometry of the region.

Studies of the ITF using Godfrey’s Island Rule (Godfrey, 1989; Hirst and Godfrey, 

1994; Wajsowicz, 1995&1996) suggested that wind stress is the governing force of 

the throughflow. The results of the idealised model experiments presented in this 

thesis also showed that the wind stress over the domain can generate a significant 

volume transport between the basins. However the model experiments in realistic 

geometries with the wind stress alone indicated that, while the wind forcing over the 

ocean surface could produce a rather high seasonal variation of the volume transport 

between the oceans, it only produced a rather small mean ITF transport compared to 

the recent observational and numerical studies.

The experiment with both thermal and wind forcing gave the total annual-mean 

volume transport from the Pacific Ocean into the Indian Ocean of about 16.25 Sv, 

and showed a strong seasonal variation, with the minimum transport of about 12.26 

Sv in December, and the maximum transport of about 20.28 Sv in July, which is in 

very good agreement with the observations and other numerical studies.

The model result suggests that the main driving forces of the ITF are the wind stress 

and the thermal forcing. Among them the thermal forcing is certainly dominant. This 

was confirmed by the spin-down experiments and the experiment with the thermal 

forcing only where the density gradient between the oceans was sufficient to control 

the throughflow and producing a significant amount of volume transport from the 

Pacific Ocean to the Indian Ocean which is consistent with the result of Andersson 

and Stigebrandt (2005). The wind stress over the ocean surface produced a relatively 

small amount of the ITF transport compared to the observations and other numerical 

studies but it is responsible for the seasonal variability of the ITF. Therefore both the 

wind and thermal forcing need to be taken into account in order to correctly simulate 

the ITF and its seasonal variability.

The volume transport in the South China Sea (SCS) is often ignored when estimating 

the magnitude of the ITF transport. However, the model results show a significant
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contribution of the SCS to the volume transport of the ITF, which is consistent with 

the suggestion of Fang (2005). As described in the Chapter 5, at certain seasons, 

depending on the monsoon winds over the region, the SCS also can enhance or 

reduce the volume transport of the ITF. Therefore the SCS plays a significant role in 

the ITF transport and its variability.

In certain seasons, the ITF source is only from the northern hemisphere, and at other 

seasons it is from both the northern and southern hemispheres.

The Makassar Strait contributes approximately 50% of the total ITF transport. In the 

vertical, the model results showed that most of the volume transport of the 

throughflow appears in the upper layer with the first two upper layers contributing a 

total of over 10 Sv. However, the deep layers also contribute a significant amount, 

over 6 Sv, to the volume transport of the throughflow.

The monthly-mean time series volume transport of the ITF (from 1982-2001) shows 

strong seasonal variability. However the correlation analysis for both the MICOM 

and the OCCAM 1/12° models output show a very weak relationship with ENSO. In 

terms of the annual-mean there is a clear link between ENSO and the ITF transport 

where the ITF volume transport is reduced in the El Niños and enhanced in the La 

Niñas. The correlation analysis also showed a strong relationship between the 

annual-mean ITF transport produced by the MICOM and OCCAM 1/12° models and 

the ONI index with the correlation coefficient of about 0.63 (97.5 % confidence) and 

0.89 (99% confidence) respectively. Further correlation analysis between the ITF 

transport of the MICOM model and the 6 strongest ENSO events from 1982-2001 

shows a very significant correlation with the correlation coefficient is about 0.89 

(97.5% confidence).

The model results show that there is only enhancement of the ITF transport in the 

four strongest ENSO events (during the period of 1982-2001). The enhancement of 

the total volume transport of the ITF in the El Niño events disagrees with the 

hypothesis of Wyrtki (1987), Clarke and Liu (1994), and the observation of Mayer 

(1996) but it could be explained if the wind patterns do not adhere to the typical
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ENSO conditions, or it could be that the deep layer is playing a role; the model 

experiments show that the deep layers contribute a significant amount to the total 

volume transport between the oceans.

The experiments with idealised global warming conditions (linear increase of the 

surface layer temperature) show that an increase of the surface temperature decreases 

the volume transport between the oceans but the changes are not significant. It 

suggests that global warming seems to make a little change to the volume transport 

of the ITF. However the experiment was only a test with an idealised condition 

therefore the result should be considered to as preliminary.

Despite successfully reproducing the circulation and volume transport between the 

oceans the model still has limitations such as no sea-air interactions. The eastern 

boundary did not cover the whole Pacific Ocean therefore was not be able to fully 

reproduce large-scale processes in the Pacific Ocean. The widening of the Java, 

Lombok and Flores Straits due to the horizontal resolution of the model may 

exaggerate the volume transport at these Straits. There was no tidal forcing involved 

in the experiments, therefore the model could not represent the features that are 

caused by tides. These limitations can be suggestions for further work in the future.
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APPENDIX
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Plate 1. a. Surface currents in February.

b. Transports of surface circulation in million c. Topography of sea level in cm.
m’/sec. +  upwelling, o sinking.
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b. Transports of surface circulation in million
m*/sec. +  up welling, o sinking.

C . Topography of s e a  level in cm.
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b. Transports of surface circulation in million
m*/sec. +  upwelling, o sinking.

c. Topography of sea level in cm.
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b. Transports of surface circulation in million
m’/sec. +  upwelling, o sinking.
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