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ABSTRACT

A quasi-global eddy permitting oceanic GCM, LICOM1.0, is run with the forcing of ERA40 daily
wind stress from 1958 to 2001. The modelled Indonesian Throughflow (ITF) is reasonable in the aspects
of both its water source and major pathways. Compared with the observation, the simulated annual mean
and seasonal cycle of the ITF transport are fairly realistic. The interannual variation of the tropical Pacific
Ocean plays a more important role in the interannual variability of the ITF transport. The relationship
between the ITF and the Indian Ocean Dipole (IOD) also reflects the influence of ENSO. However, the
relationship between the ITF transport and the interannual anomalies in the Pacific and Indian Oceans
vary with time. During some years, (e.g., 1994), the effect of a strong IOD on the ITF transport is more
than that from ENSO.
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1. Introduction

It has been documented by a number of observa-
tions that there exist significant mass and heat trans-
ports from the Pacific to the Indian Ocean by the In-
donesian Throughflow (ITF) [see the reviews of God-
frey (1996) and Gordon (2001)]. Numerical simula-
tions based on both the stand-alone oceanic general
circulation models (GCMs) and the coupled ocean-
atmosphere GCMs have also shown evidence of the re-
lationship between the variation of ITF and ocean cir-
culation and global climate (Hirst and Godfrey, 1993;
Schneider, 1998; etc.). Thus it is desirable to quantify
not only the climatology but also the variability in the
long term of the ITF transport.

Due to insufficient observations, model studies play
an important role in ITF investigations. By means of
a numerical model, a fine grid is needed to resolve the
complicated bathymetry within the Indonesian Seas.
With grid sizes approaching the ability to resolve ed-
dies, some global oceanic GCMs have been applied to
simulate the ITF transport and the circulation within
the Indonesian Seas. As a result of the inaccurateness
of the individual models and the differences between
models (resolution, physical processes, forcing fields),

the simulated ITF transport varied over a large range.
For instance, the annual mean transport was 7.4 Sv (1
Sv=106 m3 s−1) according to Potemra et al. (1997),
4–12 Sv in Gordon and McClean (1999), and approx-
imately 20 Sv in Fang et al. (2003). It is recognized
that a high resolution and realistic forcing fields are
critical for a successful model study of ITF.

The ITF tends to have a small transport during
El Niño and a large transport during La Niña (Clarke
and Liu, 1994; Meyers, 1996; Ffield et al., 2000), sug-
gesting an important climate implication of the ITF
and prompting particular interest in study of the ITF.
Based on the observed temperature along line IX1
(Fig. 1), and climatological temperature-salinity rela-
tions, Meyers (1996) found two leading empirical or-
thogonal function (EOF) modes of the ITF transport
across its Indian Ocean entrance. The first one was an
ENSO (El Niño-Southern Oscillation) pattern whereas
the second came from the equatorial Indian Ocean,
indicating that the interannual variability of the ITF
transport has a relationship with both the Pacific and
Indian Oceans. The existing model studies, however,
paid more attention to the connection between the in-
terannual variability of the ITF and ENSO (Potemra
et al., 1997; Gordon and McClean, 1999; Liu, 2002).
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In the present study, a quasi-global, eddy-permi-
tting oceanic GCM is driven by observed wind to yield
the time series of ITF transport for 1958–2001. Details
of the model and experiments are described in section
2. The modeled climatology of the annual mean and
seasonal cycle of the Indonesian Seas circulation are
shown in section 3. The climatology and interannual
variability of the ITF transport are presented and com-
pared with the available observations in sections 4 and
5, respectively. The relationship between ITF, ENSO,
and the interannual signal in the Indian Ocean is also
investigated in section 5. A summary is given in sec-
tion 6.

2. Model and experiment

The LASG/IAP (State Key Laboratory of Nu-
merical Modeling for Atmospheric Sciences and Geo-
physical Fluid Dynamics/Institute of Atmospheric
Physics) Climate System Ocean Model (version 1.0;
abbreviated as “LICOM1.0”; Zhang et al., 2003;
Liu et al., 2004a, 2004b) has been newly developed
based on the third generation of the oceanic GCM

of LASG/IAP, namely L30T63 (Jin et al., 1999).
LICOM1.0 has the same dynamical and computa-
tional frameworks as L30T63. Some mature phys-
ical parameterization schemes, including the isopy-
cnal mixing scheme (Gent and McWilliams, 1990),
the Richardson-number-dependent vertical mixing in
the tropical oceans (Pacanowski and Philander, 1981),
were inherited from L30T63.

LICOM1.0 is quasi-global (75◦S–65◦N) with a hor-
izontal resolution of a uniform 0.5◦ by 0.5◦ grid, which
is its major improvement over L30T63 (resolution of
about 1.875◦ by 1.875◦. There are totally 30 levels in
the vertical with 12 levels for the upper 300 m. Addi-
tionally, the application of a Message Passing Interface
(MPI) in the parallel computation makes it possible
for a long-term integration. See Liu et al. (2004a) for
more details about LICOM1.0.

The model bathymetry was derived from DBDB5
(Digital Bathymetric Data Base 5 minute) dataset pro-
duced by the Naval Oceanographic Office, USA. The
main pathways of the ITF in the Indonesian Seas, in-
cluding the Makassar, Maluku, Halmahera, Lombok,

Fig. 1. The topography of LICOM1.0 in the vicinity of the Indonesian Sea. The
coloring marks the amount of levels. The numbered lines denote sections along which
the transports are calculated. 1: line IX1, 2: Makassar Strait, 3: Maluku Strait, 4:
Halmahera Sea, 5: Lombok Strait, 6: Ombai Strait, 7: Timor Passage, 8: Torres
Strait.
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and Ombai Straits and the Timor Passage etc., can
be explicitly represented in the model (Fig. 1). Some
extra alterations were made by hand to improve the
representation of major ridges and sills.

A 900-year spin-up run was conducted from the ini-
tially motionless ocean and the temperature and salin-
ity fields of Levitus and Boyer (1994) and Levitus et
al. (1994). The model was integrated synchronously
with time steps of 60 s, 1800 s, and 3600 s for the
barotropic, baroclinic, and temperature and salinity
integrations, respectively. A Laplacian-type viscosity
scheme is applied with coefficients of 2.0×103 m2 s−1

between 50◦S and 50◦N and 2.0×105 m2 s−1 for the
poleward regions.

A formula with a flux correction term is adopted
for the sea surface heat forcing. This method is based
on the pioneer work of Haney (1971). The underlying
idea is to express the feedback to the atmosphere as
a flux correction which depends upon the model SST.
The method can overcome the physical inconsistency
due to the lack of air-sea feedbacks in the formula-
tion of the atmospheric forcing of ocean models. The
formula is as follows:

Qnet =Qsolar + Qnon-solar

− ∂Qnon-solar

∂Tss
× (Tss, model − Tss, obs) , (1)

where Qnet, Qsolar and Qnon-solar represent the total
net heat flux, the solar radiation and the heat flux
without the solar radiation, respectively. The third
term on the right hand side stands for the flux cor-
rection term. The coefficient ∂Qnon-solar/∂Tss is the
“dumping coefficient”. Tss, model and Tss, obs are the
SSTs predicted by LICOM and the observed, respec-
tively. The later is from World Ocean Atlas 1998
(National Oceanographic Data Center, 2004). The
Qsolar and Qnon-solar, as well as the dumping coeffi-
cient, are all from the OMIP-Forcing datasets (Roeske,
2001), which is a climatological dataset for forcing
global ocean models derived from the European Cen-
tre for Medium-Range Weather Forecasts re-analysis
(ERA15, Gibson et al., 1997). The mean annual cy-
cle has been produced from the 15 years of ERA by
using Gaussian filtering with daily fluctuations super-
imposed. The budgets of the heat and the fresh water
fluxes have been closed by modifying the bulk formu-
lae.The sea surface salinity (SSS) was simply restored
to the observational monthly climatology of WOA98.
The wind stresses are also from the OMIP-Forcing
datasets (Roeske, 2001).

The performance in terms of the climatology of the
large scale circulation, distribution of upper tempera-
ture and permanent thermocline, and oceanic merid-
ional heat transport of the LICOM1.0 spin-up run has

been evaluated by Liu et al. (2004b), in which remark-
able improvements in many aspects against L30T63
were found, especially in the tropical circulation.

After the spin-up run, a 44-year (1958–2001) ex-
periment was driven by ERA40 daily wind stresses
(ECMWF Re-Analysis 40, http://www.ecmwf.int/re-
search/era/). The heat and freshwater surface condi-
tions are kept by restoring them to the observational
climatology as in the spin-up run. All the analyses
are based on the monthly output of the last 44-year
integration.

3. Circulations in the Indonesian seas

3.1 Annual mean climatology

It is confirmed by the properties of water mass that
the main body of the model ITF traces back to the
thermocline and intermediate layer of the North Pa-
cific. It flows into the Sulawesi Sea via the Mindanao
Current (MC) and enters the Indonesian Seas through
the Makassar Strait (Gordon and Fine, 1996). There
is also a small quantity of water from the South Pa-
cific invading the Indonesian Seas through the deep
passages to the east of Sulawesi (Gordon and Fine,
1996).

At the surface and in the thermocline of LICOM1.0
(Figs. 2a, b), the simulated ITF comes straight
from the Mindanao Eddy (ME) and the Halmahera
Eddy (HE) located between the Philippines and New
Guinea. A portion of water from the ME enters the
Indonesian Seas through the Makassar Strait while the
rest turns eastward to feed both the North Equatorial
Countercurrent (NECC) and the Equatorial Undercur-
rent (EUC). Due to the presence of Halmahera Island,
most of the South Pacific upper water flows clockwise
around the HE and retroflects to merge with the east-
ward current from the MC. A small quantity of South
Pacific water enters the Seram Sea and divides into
two branches. The northward branch returns to the
Pacific and the southward one flows into the Banda
Sea. Besides this, there are also fewer water exchanges
through the Torres Strait (between New Guinea and
Australia) and the Karimata Strait (southern end of
the South China Sea). The outflow of the Indonesian
Seas is mainly through the Ombai and Lombok Straits,
though the latter is shallow in depth. Murray and
Arief (1988) found only an average southward trans-
port of 1.7±1.2 Sv in the Lombok Strait. The error is
also addressed by others, such as Masumoto and Yam-
agata (1996) and Potemra et al. (1999). Shiller et al.
(1998) suggested that increasing the meridional eddy
viscosity in the Lombok Strait will block the trans-
port through the Lombok Strait and alleviate the er-
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ror. There is also a fraction of water that enters the
Indian Ocean by the Timor Passage.

Below the thermocline (Figs. 2c, d), water ex-
change between the Pacific and Indian Oceans can
only occur via the eastern channels. The water from
the MC flows straight into the Banda Sea through the
Maluku Strait because the Taliabu and Mangole is-
lands are absent in the model topography and it en-
ters the Indian Ocean through the Ombai Strait and
Timor Passage. At 300 m, the South Pacific water
flows along the eastern coast of New Guinea and turns
eastward without entering the Indonesian Seas when
it reaches the equator. At a deeper layer of about 800
m, it is clear that some South Pacific water enters the
Indonesian Seas.

The salinity stratification in the Indonesian Seas
further corroborate the water source of the ITF. Fig-

ure 3 gives the sections of the salinity for the up-
per 500 m within the two primary passages of the
ITF. In the Makassar Strait, the subsurface salinity
maximum (around 100 m) and minimum (around 300
m) denote the presence of North Pacific thermoha-
line water (NPTW) and North Pacific intermediate
water (NPIW), respectively. Both water masses ex-
tend southward, being coincident with the circulation
pattern presented in Fig. 2. The distribution of North
Pacific water masses in the Makassar Strait agrees well
with the Arlindo observational data (Gordon and Su-
santo, 1999), which also implies a realistic circulation
in LICOM1.0. The saltier NPTW and fresher NPIW
in the model may be caused by the absence of tidal
mixing, which is of significance for the thermal or
salinity stratification in the Indonesian Seas (Ffield
and Gordon, 1992; Schiller et al., 1998).

Fig. 2. The simulated annual mean circulations at (a) 12.5 m, (b) 112.5 m, (c) 314
m and (d) 823 m within the Indonesian Seas in LICOM1.0. The currents have been
divided by the square root of the scalar speed. Units: m1/2 s−1/2.
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Fig. 3. Sections of simulated salinity for the upper 500 m
within the Makassar Strait (119◦E) (a, c, e) and from the
Maluku Strait to the Banda Sea (126◦E) (b, d, f). (a) and
(b) are for annual mean, (c) and (d) for February, (e) and
(f) for August. Units: psu.

It was shown in the Arlindo observations that the
North Pacific water is only present at the entrance of
the Maluku Strait. To the north of the Banda Sea,
there is a salinity maximum at about 500 m which de-
notes its water source as the South Pacific (Gordon
and McClean, 1999). While the depth of the Halma-
hera Sill (about 540 m) is realistic in LICOM1.0, the
width of only one row of velocity grids in the deep
layers is too narrow. As a result, the South Pacific
water intrusion in the deep layers is limited. Instead,
a salinity maximum is present at about 150 m (Fig.

3b), consistent with the circulation in Fig. 2b where
the South-Pacific-sourced water is evident. The water
from the North Pacific is dominant below the thermo-
cline, a feature that can also be found in Fig. 2c. This
problem of the narrow deep channel of the Halmahera
Sill was also encountered by Godfrey and Masumoto
(1999).

3.2 Seasonal cycle

Due to the reversal of the Asian-Australian mon-
soon, the surface circulation is characterized by strong
seasonal variation in the Indonesian Seas. The surface
currents in the Banda Sea accord with the prevail-
ing winds: eastward in boreal winter and westward in
boreal summer (Figs. 4a, c). The Ekman transport
of boreal winter monsoon blocks the transport from
the Pacific to the Indian Ocean. The surface currents
in both the Makassar Strait and channels east of Su-
lawesi head northward and there are transports from
the Indian Ocean to the Indonesian Seas via the Om-
bai Strait and Timor Passage. The summer monsoon,
on the other hand, favors the transport from the Pa-
cific to the Indian Ocean. The currents within the
Indonesian Seas are almost opposite to those during
the winter except for the Lombok Strait, i.e., south-
ward all year round. The directions of the currents
in the main straits, such as the Makassar Strait, the
Maluku Strait, the Halmahera Strait etc., are almost
the same as the surface currents observed by Wyrtki
(1961) both in February and August.

The salinity in the Maluku Strait is high in the
boreal winter and low in the boreal summer at the
surface (Figs. 3d, e), which is mainly caused by the
seasonal variations of local precipitation and the Su-
lawesi runoff.

In the thermocline, the current within the Makas-
sar Strait remains southward all year long (Figs. 4b,
d) with a larger transport during the boreal summer.
The seasonal variations of the currents are also clearly
reflected in the charts of salinity. Comparison be-
tween Figs. 3d and 3e shows an intensive salinity max-
imum in the boreal summer. Due to the anticlockwise
(clockwise) subsurface currents during the boreal win-
ter (summer) driven by the convergences (divergence)
in the Banda Sea, the subsurface currents in the east-
ern passages of the ITF are opposite to those of the
surface: southward in the winter and northward in the
boreal summer.

4. ITF transport

There are relatively few observational data avail-
able to estimate the ITF transport, and hence there
is a large uncertainty. The estimation of annual mean
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volume varies in the range of 0–30 Sv (Gordon, 2001).
The errors in measurement and diagnostic scheme, as
well as the significant amplitude of ITF variation on di-
versified time scales, account for the great uncertainty.

The expendable bathythermograph (XBT) tem-
perature profile along line IX1 [Fremantle-Sunda
Straits from (6.8◦S, 105.2◦E) to (31.7◦S, 114.9◦E). See
the triangles in Fig. 1] is so far the longest time series
among the observations related to the ITF. Transport
estimated from the line IX1 observation during 1987
to 2001 is employed to verify the annual mean and
seasonal variation of the model ITF transport in this
section and the interannual variability in the next sec-
tion.

4.1 Annual mean

The simulated and observed transports across line
IX1 as well as the primary channels within the Indone-
sian Seas are listed in Table 1. The annual mean up-

per layer transport across IX1 (the sum of the upper
700 m geostrophic transport and the Ekman trans-
port calculated from NCEP wind stresses) is 9.6 Sv
in the observation. The simulated total transport is
14.5 Sv with 13.2 Sv for the upper 18 levels (about
743 m). Considering the depth of no motion choosen
at 700 m in the observation, the integrated current at
700 m along IX1 multiplied by 743 m is subtracted
from the upper layer transport of the ITF in LICOM.
Thus, the ITF transport relative to the 743-m value is
10.3 Sv, which is much closer to the observation (9.6
Sv) than the previous value. Both the annual mean
transports through the Makassar and Ombai Straits
are close to the observation. However, the transport
is much larger through the Lombok Strait and accord-
ingly much smaller via the Timor Passage, which was
also found in other simulations, e.g. the Parallel Ocean
Program (POP, Gordon and McClean, 1999).

Fig. 4. The simulated velocity vectors at (a, c) 12.5 m and (b, d) 112.5 m. (a) and
(b) are for February, (c) and (d) for August. The currents have been divided by the
square root of the scalar speed. Units: m1/2 s−1/2.
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Table 1. The simulated and observed annual mean transports for the primary channels in the Indonesian Seas
(positive is prescribed as from the Pacific to the Indian Ocean). Units: Sv (1 Sv=106 m3 s−1).

Total Makassar Lombok Ombai Timor Torres

LICOM1.0 14.5/10.3a 8.0 5.6 6.5 0.7 1.6

Observation 121, 9.62 9.33 1.74 55 4.56 0.017

a upper layer transport relative to 743 m across line IX1; 1 Godfrey, 1989; 2 Wijffels and Meyers, 2003; 3 Gordon et al.,

1999; 4 Murray and Arief, 1988; 5 Molcard et al., 2001; 6 Molcard et al., 1996; 7 Wolanski et al., 1988.

There is a 1.3 Sv transport below 700 m across IX1
in LICOM. The flow must go through both the Timor
Passage and the Ombai Strait. Molcard et al. (1996)
and Molcard et al. (2001) estimated the transport
through these two passages using the data of current
meter moorings. The mean transports below 700 m
are around 1.3 Sv and 0.6 Sv respectively. Thus, the
value of transport in LICOM is smaller than that of
the observation, but within its error bar estimations.

4.2 Seasonal variation

Confined by the IX1 observation, the following
analyses focus on the upper layer (0 to 700 m) trans-
port. In fact, the seasonal variation of the ITF is much
stronger in the upper layer than in the deep layers.
The variance of the simulated seasonal variation of the
ITF is 15.75 Sv2. Agreeing with the observation, the
annual cycle signal is dominant (79% contribution) in
the model. Besides, the semi-annual signal is also sig-
nificant. The monthly mean climatology of the simu-
lated ITF has a maximum (20.4 Sv) in July and the
second peak value (11.9 Sv) in January. The mini-
mum (8.2 Sv) occurs in March and the second min-
imum value (11.35 Sv) in November. The simulated
seasonal variation characteristics are consistent with
the observation (Fig. 5a, the transport in LICOM is
also relative to 743 m as in the observation). The an-
nual signal of the ITF transport is caused by the wind
stresses both in the Pacific Ocean and the Indonesian
Seas, while the semi-annual signal is mainly generated
by the eastward equatorial Kelvin wave driven by the
wind stresses in the Indian Ocean (Clarke and Liu,
1993).

The observations show that semi-annual signals are
also evident in the transport through the Ombai Strait
and the Timor Passage (Molcard et al., 1996; Molcard
et al., 2001). As mensioned above, the Lombok Strait
provides a major exit for the Indonesian Seas water in
the modelling annual mean. Accordingly, the variance
of the simulated transport through the Lombok Strait
is also of great magnitude. It is worth noting that the
simulated semi-annual signal of the ITF transports has

a decadal feature. For example, the semi-annual signal
is stronger in the 1980s than in other decades. In the
Timor Passage, the amplitude of the seasonal variation
is small (figure not shown).

Additionally, Figure 5a shows semi-annual signals
in the lower layer with the maxima in April and
November. Molcard et al. (1996) found the max-
ima in April and October under 500 m in the Timor
Passage during their approximated 1-year observation
(their Fig. 10). The maximum transports in the Om-
bai Strait occurred in April and early November (Mol-
card et al., 2001). So LICOM simulated a reasonable
semi-annual phase under 700 m.

5. Interannual variability of ITF transport

The interannual variability of the ITF transport is
related to both the ENSO signal and the “non-ENSO”
anomaly from the Indian Ocean (Meyers, 1996; Mur-
tugudde et al., 1998). It is well recognized that the
ITF transport tends to be small during El Niño and
large during La Niña. The sensitivity experiments con-
ducted by Murtugudde et al. (1998) suggested that
the relationship between ITF and the Southern Os-
cillation Index (SOI) increased from −0.31 to −0.65
when the interannual signal from the Indian Ocean
was removed. Based on the simulation driven by Eu-
ropean Remote Sensing (ERS) wind from July 1992
through June 1997, Masumoto (2002) found the ITF
transport has a closer relationship with the sea surface
height anomaly in the eastern Indian Ocean than with
ENSO.

The non-ENSO signal from the Indian Ocean de-
tected in Meyers (1996) has an analogous feature in ei-
ther the pattern or the evolution with the recently dis-
covered Indian Ocean Dipole (IOD) phenomenon
(Saji et al., 1999; Webster et al., 1999), i.e., an inde-
pendent interannual anomaly of the zonal gradient of
SST in the Indian Ocean. Hence the index of the IOD
mode (DMI) defined by Saji et al. (1999) is used to
scale the interannual variability of the Indian Ocean
in this study.
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Fig. 5. The simulated (solid) and observed (cross) upper 700 m transport relative to 700 m for the
simulation and 743 m for the observation. Units: Sv. (a) monthly mean climatology. The dotted
line stands for the transport of the lower layer; (b) the interannual anomalies. The dashed line is
the Niño 3.4 index (Units: ◦C)

5.1 The interannual evolution of ITF transport,
Niño Index, and DMI

The simulated SST interannual variabilities in the
Pacific and Indian Oceans are compared with the ob-
servation in Fig. 6. From the Niño 3.4 index (5◦S–5◦N,
170◦–120◦W) during 1958 through 2001, LICOM1.0
agrees fairly well with the Global Sea Ice Coverage
and Sea Surface Temperature data (GISST, Rayner et
al., 1996). The strong warm ENSO events, such as
1982/83, 1986/87, and 1997/98, have especially good
agreement with those from the observed in both phase
and intensity. For the extreme positive IODs in 1961,
1972, 1982, 1994 and 1997 and negative events in 1964,
1992, 1996 and 1998, the simulated anomalies are rea-
sonable with correct phases but larger amplitudes in
most cases. Generally speaking, LICOM1.0 represents
the main interannual signal in both the Pacific and
Indian Oceans, which provides a basis for the realistic
simulation of the interannual variability of ITF.

Compared with the observational transport across
line IX1 during 1987 through 2001, the simulated in-
terannual anomaly of ITF has a generally smaller am-

plitude (Fig. 5b). The main oscillations in the ob-
servation, such as the positive anomalies in 1988/89,
1994 and 2000, and the negative anomalies in 1992 and
1998, have been reproduced to some extent. The over-
all correlation between the ITF transport and Niño
3.4 SST anomaly is significantly negative. The high-
est correlation is achieved when ITF lags by 4 months
(−0.65) and the contemporary correlation is −0.47.
The overall correlation between the ITF transport and
DMI is also negative, with the highest value of −0.35
for IOD leading by 5 months and −0.13 for zero lag.

5.2 Impact of ENSO and IOD on ITF transport

A comprehensive understanding of the relationship
of the interannual anomalies between the ITF trans-
port, ENSO, and IOD is beyond the scope of this
study. Only the statistical relationship between them
is analyzed on the basis of the LICOM1.0 simulation.
Now that the simulation of the interannual variabili-
ties of ENSO and IOD has been validated, the inves-
tigation is begun from the viewpoint of how the inter-
annual variability of ITF is affected by the anomalies
from the Pacific and Indian Oceans.
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Fig. 6. (a) The Niño 3.4 Index and (b) DMI. The solid line is for GISST and the
dashed line is for LICOM1.0. Units: ◦C.

The correlation pattern between ITF transport and
SST anomaly over the tropical Pacific and Indian
Ocean (SST leads by 4 months) is exhibited in Fig. 7a.
It is found that the pattern of SST anomaly is similar
in structure to a cold ENSO event in the Pacific and
to a negative IOD event in the Indian Ocean. Due
to the cold tongue extended too westward along the
equator in LICOM (figure not shown), the correlation
coefficients have the same sign across the equatorial
Pacific Ocean. This leads to a simulated pattern that
is not entirely like a real El Niño one. How can we
understand the individual roles played by ENSO and
IOD on the ITF transport?

It was pointed out by Wyrtki (1987) that the pres-
sure difference between the western equatorial Pacific
and eastern Indian Ocean drives the ITF. Further-
more, Clarke and Liu (1994) advanced that the in-
terannual variability of the ITF transport is highly
related to the sea level difference as long as the lo-
cations of the two points are correctly chosen. In LI-
COM1.0, the correlation between ITF transport corre-
lates with the sea level difference [regions of (5◦–8◦N,
131◦–133◦E) and (8◦–10◦S, 111◦–113◦E)] with a value
of 0.50, a result that is not contradictory to the the-
ory of Clarke and Liu (1994). But it should be indi-

cated that the correlation reaches 0.56 when the sea
level anomaly at the western Pacific, instead of the sea
level difference, is used. The stronger correlation im-
plies that the interannual variation in the Pacific plays
a more important role in the interannual variability of
the ITF transport in LICOM1.0.

The relationship between ITF transport and the
sea surface height (SSH) anomaly in the tropical Pa-
cific and Indian Ocean is shown in Fig. 7b. The
sea level anomaly in the western Pacific is closely re-
lated to the ENSO event, correlating with a value of
−0.63 with the Niño 3.4 Index. This is consistent
with the result in section 5.1. The process can be
described as a cold ENSO event inducing an east wind
anomaly along the tropical Pacific and hence a posi-
tive SSH anomaly in the western Pacific, which favors
a large ITF transport. The highest correlation coef-
ficient (more than 0.8) can been found off Northwest
Australia. That does not contradict the high corre-
lation in the western tropical Pacific. Wijffels and
Meyers (2004) suggested that the variation of the Pa-
cific Ocean may affect the SSH in Northwest Australia
through the western-propagated Rossby wave and the
shoal-following Kelvin wave.

The correlations between ITF transport and the
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Fig. 7. The correlation of the interannual variability of ITF transport (a) with SST,
where the SST is leading by 4 months, and (b) with SSH anomalies, where there is 0
lag time.

SST and SSH anomalies along the Java coast are weak
(Fig. 7). It is interesting to notice that the relation-
ship between the ITF and the SST anomaly in the
equatorial Indian Ocean has a dipole pattern except
for the sign. In terms of Wyrtki’s theory, the positive
ITF transport anomaly should correspond with a neg-
ative SSH anomaly in the eastern Indian Ocean, while
the simultaneous relationship between the ITF trans-
port and SSH in the eastern equatorial Indian Ocean is
positive in LICOM. The reason is that there is a close
relationship between ENSO and IOD. In fact, the re-

lationship between the ITF and interannual variation
in the Indian Ocean manifests the dominant influence
of the Pacific on the ITF transport. When the ENSO
signal is removed from IOD by a simple linear regres-
sion, the correlation between IOD and ITF is rather
weak (0.07).

The 49-month running correlation shows that the
feature of the correlation is not fixed in different pe-
riods (Fig. 8). It can be found that there is an obvi-
ous decadal variation in the relationship between ITF
transport and ENSO whereas the general correlation
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is significantly negative. The extent to which the ITF
transport is related to IOD is mainly determined by
the relationship between IOD and ENSO. Figure 8
confirms that the interannual variability in the Pacific
is the leading factor influencing the ITF transport in
LICOM1.0.

Although the interannual variability of the ITF
transport is generally determined by the signal from
the Pacific, the role of the Indian Ocean is important
or even dominant for some period. The ITF anomaly
in 1994 makes a good case. The mild El Niño implies a
weak ITF transport in 1994. In the meantime, the IOD
was in an excessive positive phase, with the amplitude
of IOD exceeding that of the Niño 3.4 index. In both
the observation and LICOM1.0 simulation, the ITF
transport is intensified in this year, which reflects the
influence of the Indian Ocean on the ITF transport.

Based on the geostrophic current from the observed
temperature and salinity, Meyers (1996) pointed out
that with an overall strong correlation between ITF
and ENSO during 1983 to 1994, there is an excep-
tion in May to October 1994. It should be indicated
that 1994 is the one and only year of intensified IOD
for that observation period. The simulations by Mur-
tugudde et al. (1998) also demonstrate that the ab-
normal ITF transport in 1994 is derived from the wind
anomaly in the Indian Ocean.

6. Concluding remarks

In this study, a quasi-global eddy-permitting
oceanic GCM, LICOM1.0, was run with the forcing
of ERA40 daily wind stress from 1958 to 2001. The
basic climatological mean of the circulation within the
Indonesian Seas is reproduced properly. The mod-
elled ITF is reasonable in the aspects of both its water
source and major pathways, of which a large volume
of transport is through the Makassar Strait. The main

Fig. 8. The 49-month running correlations between ITF
transport and Niño 3.4 SST anomaly (solid), ITF trans-
port and IOD SST anomaly (dashed), and Niño 3.4 and
IOD SST anomalies (dotted).

defect lies in too much transport through the Lombok
Strait and accordingly less through the Timor Passage.
The discrepancies in the simulation of salinity profiles
in the main straits are caused by the simplicity of the
vertical mixing scheme and/or the insufficient resolu-
tion, both horizontal and vertical. The seasonal vari-
ation of the Indonesian Seas circulation is controlled
to a great extent by the transition of the prevailing
monsoon.

The time series of the ITF transport from 1958 to
2001 is obtained and the upper 700 m transport is com-
pared with the observational transport across line IX1
(see Fig. 1). LICOM1.0 simulated a total ITF trans-
port of 14.5 Sv, with 13.2 Sv for the upper 700 m. The
annual signal accounts for a large fraction of the sea-
sonal variations, while the semi-annual signal is also
clear. The maximums of the ITF transport appear in
July and January in turn, and the minimums occur in
March and November. Compared with the observa-
tion, the simulated annual mean and seasonal cycle of
the ITF transport are fairly realistic.

For the 44-year simulation of LICOM1.0, the over-
all correlation between the interannual anomaly of the
ITF transport correlates significantly with the Niño
3.4 index with a value of−0.65. The overall correlation
between the ITF and DMI is also negative (−0.35).
Further analyses indicate that the interannual vari-
ation in the Pacific plays a more important role in
the interannual variability of the ITF transport. The
relationship between ITF and IOD also reflects the
influence of ENSO. Removing the ENSO signal from
IOD, the correlation between IOD and ITF is rather
weak (0.07). However, the relationship between the
ITF transport and the interannual anomalies in the
Pacific and Indian Oceans varies with time. During
some years, e.g., 1994, the effect of the strong IOD on
the ITF transport is more than that from ENSO.

The interannual variabilities of the ITF transport,
ENSO and IOD are associated with each other against
the backgound of the tropical climate system. Lim-
ited by the oceanic GCM, some physical processes in-
volved, especially the air-sea interaction, cannot be
interpreted completely in this study. Here, the inter-
annual variability of the ITF transport is merely inves-
tigated in the context of ENSO and IOD. Additionally,
the ITF thermal and salinity stratifications are modi-
fied by the strong mixing within the Indonesian Seas,
which is absent in LICOM1.0. Further investigation of
both the observation and modelling is needed to un-
derstand the interannual variability of the ITF and its
relationship with ENSO and IOD.
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