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[1] The mean and variable transport of the Indonesian Throughflow (ITF) are determined
from full-depth velocity measurements in the three major exit passages of Lombok Strait,
Ombai Strait, and Timor Passage from January 2003 through December 2006.
Collectively, these passages convey the full-depth transport and stratification profile of the
ITF from the Pacific Ocean to the Indian Ocean. To first order, the seasonal cycle of
transport in the thermocline (�100–150 m) in all three exit straits is dominated by
regional monsoon forcing, with maximum ITF during the southeast monsoon. During the
northwest monsoon, the surface transport relaxes in Timor and weakly reverses in
Ombai and Lombok, so the main core of the ITF is subsurface. Below the thermocline,
semiannual reversals occur in all three straits during the monsoon transitions in response
to the passage of Indian Ocean wind-forced Kelvin waves. However, the reversals
occur over different depth levels in each passage reflecting the influence of different sill
depths along the coastal waveguide. The seasonal cycle of depth-integrated transports
in Lombok and Ombai are strongly out of phase with Timor Passage, suggesting that the
subthermocline flow is largely gated by these Kelvin waves. Despite the different
seasonal transport phases, interannual anomalies in all three passages are remarkably
similar, particularly during the strong positive Indian Ocean Dipole event in 2006 when
transport in the surface layer is toward the Indian Ocean and reversed below. The deep
reversals are likely in response to a series of Kelvin waves driven by anomalous
zonal winds in the equatorial Indian Ocean. Total mean transport over the 3-year period is
�2.6 Sv in Lombok Strait (i.e., toward the Indian Ocean), �4.9 Sv in Ombai Strait,
and �7.5 Sv in Timor Passage. The transport in Timor Passage is nearly twice as large as
historical estimates and represents half of the �15 Sv full-depth ITF transport that enters
the Indian Ocean.
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1. Introduction

[2] The Indonesian seas are the only major low-latitude
connection in the global oceans. This connection permits
the transfer of Pacific waters into the Indian Ocean, known
as the Indonesian Throughflow (ITF). The ITF actually
consists of several filaments of flow that occupy different
depth levels and weave their way through the complex
island geometry comprised of broad shallow shelves and
deep basins. The largest Indonesian seas are (from west to

east): the shallow Java Sea, the deeper Flores, Banda and
Timor Seas, and the shallow Arafura Sea (Figure 1a).
[3] Surface to upper thermocline waters, drawn primarily

from the North Pacific, take the ‘‘western’’ route through
the Sulawesi Sea into Makassar Strait. Within Makassar
Strait, the 680 m deep Dewakang sill permits only the upper
thermocline waters to enter the Flores Sea and flow east-
ward to the Banda Sea, or to directly exit into the Indian
Ocean via the shallow (300 m) Lombok Strait. Smaller
contributions of North Pacific surface water may also take
an ‘‘eastern’’ route through the Maluku Sea and over the
deeper (1940 m) sill of Lifamatola Strait into the Banda Sea.
Lower thermocline and intermediate water masses of South
Pacific origin also enter the Indonesian seas via an eastern
route. The denser South Pacific water masses are distinctly
saltier than the North Pacific upper waters. Within the
Banda Sea, these water masses are modified by tidally
forced mixing, wind-driven upwelling, and surface heat
and freshwater fluxes to form the distinctive Indonesian
sea profile of relatively isohaline water from the thermo-
cline to near bottom [Ffield and Gordon, 1992; Bray et al.,
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1996; Hautala et al., 1996; Waworuntu et al., 2000; Koch-
Larrouy et al., 2008].
[4] From the Banda Sea, the ITF exits into the southeast

Indian Ocean along the Nusa Tenggara island chain
(Figure 1b) via the Timor Passage (1250 m eastern sill
depth at Leti Strait, and 1890 m at the western end), or
through Ombai Strait (upstream sill depth of 1450 m in Alor
Strait and 2450 m in Wetar Strait) and then through the Savu
Sea to Sumba Strait (900 m) or Savu/Dao Strait (1150 m).
Other passages along the Nusa Tenggara archipelago are too
shallow (<50 m) to significantly contribute to the ITF mass
transport, and the flow through these channels is dominated
by tidal and/or frictional forces [Godfrey, 1996; Hautala et
al., 2001; Wijffels et al., 2008]. From the major exit
passages, the ITF waters form a relatively narrow fresh jet
across the entire tropical South Indian Ocean between 8�S
to 14�S within the westward-flowing South Equatorial
Current (SEC). Recognizable across the entire basin, the
ITF waters form a distinct low salinity core of surface to
thermocline water [Gordon et al., 1997] and a separate
salinity minimum/silica maximum core at intermediate
depths (600–1200 m [Talley and Sprintall, 2005]). At the
western edge of the Indian Ocean, while some ITF waters
feed the monsoon currents off the Somali coast, it is likely

that much of the ITF enters the Agulhas Current system
[Warren, 1981; You, 1998], and numerous Agulhas eddies in
the Atlantic have been identified as containing relatively
fresh Indonesian thermocline water [Gordon, 1986; Song et
al., 2004]. This evidence supports the numerical models
[e.g., Hughes et al., 1992; Hirst and Godfrey, 1993, 1995;
Schiller et al., 1998; Lee et al., 2002] that show the ITF
plays an important role in the global thermohaline circula-
tion. The ITF also likely impacts the global atmospheric
circulation via its modification of tropical surface tempera-
ture patterns as shown by the coupled modeling work of
Schneider [1998]. The impact of the ITF in the coupled
system depends on its magnitude, heat flux and variability,
which have yet to be thoroughly constrained by observations.
[5] Past estimates of the mean ITF mass transport are

based on both synoptic and time-averaged, direct and
indirect methods, and are thus wide ranging from near zero
to 30 Sv (1 Sv = 106 m3s�1 [Godfrey, 1996]). Direct
measurement of the flow and properties within the exit
passages, that when combined represent the full ITF and its
stratification, have only been obtained at different times in
the different channels over the past few decades (Table 1).
To date, our best estimate of the total ITF transport through
the exit passages is probably around 10–14 Sv although,

Figure 1. (a) The Indonesian Seas and schematic of the pathways of the Indonesian Throughflow (ITF).
The location of INSTANT moorings deployed in Makassar Strait (M), Lifamatola Strait (LI), Lombok
Strait (LO), Ombai Strait (O), and Timor Passage (T) are shown as red diamonds. (b) The boxed inset
shows the location of the INSTANT moorings (red diamonds) and shallow pressure gauges (yellow
diamonds) deployed in the exit passages along Nusa Tenggara, showing the 200, 500, 1000 (also in
Figure 1a), 2000, and 4000 m isobaths.
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because of the different sampling years of the different
direct measurement programs, this total volume transport
estimate should be treated with caution. There are no
estimates of the heat or freshwater transports for the full
exit flow. Furthermore, the variability of the volume and
properties of the ITF is the same order as the mean, which
has a substantial impact on the transport estimates from a
given passage in a given year. Only with multiyear, simul-
taneous measurements of the full-depth velocity structure in
all the major Throughflow passages can the volume and
property transports be accurately determined.
[6] To obtain a complete multiyear ITF transport esti-

mate, an array of 11 moorings were deployed as part of
the International Nusantara Stratification and Transport
(INSTANT) program [Sprintall et al., 2004]. The moorings
were deployed simultaneously over a �3-year period in the
two major inflow passages of Makassar and Lifamatola
Straits, and in the three major outflow passages of Lombok,
Ombai and Timor (Figure 1). The mooring array was
designed to measure the full depth in situ velocity, temper-
ature and salinity profiles of the ITF. INSTANT observa-
tions in Makassar Strait are discussed by Gordon et al.
[2008] and in Lifamatola Strait in van Aken et al. [2009]. In
this paper, we discuss the mean and variability of the
transport through the three major outflow passages of
Lombok, Ombai and Timor, which collectively capture the
full interbasin exchange. Our focus is the vertical structure
and properties of the complete ITF, the relative partitioning
of the transport through these three straits, and how this
changes on subinertial, seasonal and interannual timescales.

The INSTANT measurements reveal a number of new,
major features of the ITF that have been previously undoc-
umented and are highlighted in this manuscript: a semiper-
manent reversal of the flow in northern Ombai Strait that
permits Indian Ocean water into the internal Banda Sea to
participate in the formation of Indonesian Throughflow
Water; the relatively small amplitude of the seasonal cycle
in total transport; the first documented time series of
Indonesian Intermediate Water simultaneously in Ombai
and Timor straits; and a comparatively similar response of
the interannual transport anomalies in all three exit passages
to the 2006 Indian Ocean Dipole. Our best estimate of the
total transport from the three exit passages into the Indian
Ocean is �15 Sv, which is slightly more than that estimated
from previous direct measurements of the ITF.

2. The INSTANT Mooring Data

2.1. Mooring Deployments and Instrumentation

[7] The first INSTANT mooring was deployed in East
Timorese waters in southern Ombai Strait in August 2003
from the Australian vessel R/V Southern Surveyor. The
seven other outflow passage moorings were deployed
using the Indonesian vessel, the KR Baruna Jaya VIII,
in December 2003–January 2004. The location and depth
of deployment of each mooring is given in Table 2. Besides
the need for redundancy in case of a mooring failure in these
tidally dynamic, heavily fished passages, multiple mooring
deployments were made in each strait to partly resolve the
distinct cross-passage flow structure evident from some

Table 1. Comparison of the Mean ITF Transport Estimates and Uncertainties (Sv, Negative Toward Indian Ocean) During the INSTANT

Field Program (2004–2006 Averages) With Previously Published Transport Values for Each Exit Passagea

Strait Reference
Time Period
Average

Total
Transport (Sv)

Transport
Uncertainty (Sv)

Depth Range (m)
Width (km)

Lombok Murray and Arief [1988] 1985 �1.7 ±1 0–300 m
INSTANT 2004–2006 �2.6 �1.8 to �3.2 0–300 m 35 km

Ombai Molcard et al. [2001] 1996 �5.0 ±1 0–1250 m
INSTANT 2004–2006 �4.9 �2.7 to �5.0 0–1200 m 35 km

Timor Cresswell et al. [1993] 1984/1985 and 1988 �7 N/A 0-bottom 160 km
Molcard et al. [1994] 1989 �4.5 ±1.5 120–1040 m
Molcard et al. [1996] 1992 �4.3 ±1.0 0–1250 m 85 km
INSTANT 2004–2006 �7.5 �6.2 to �10.5 0–1890 m 160 km

TOTAL ITF INSTANT 2004–2006 �15.0 �10.7 to �18.7 sill depth and width
as indicated above

aUncertainties during the INSTANT time period are given as a range of minimum and maximum transport values depending on the schemes used for the
surface layer and across-passage interpolation (see text for details). For uncertainties associated with previous published values, see associated reference.
Total transport during INSTANT is also given.

Table 2. Exit Strait Sill Depth, Width Used for Transport Calculation, and the Location, Depth, and Deployment Periods for Each

Mooring in That Straita

Strait Mooring Location Depth (m) Deployment Period

Lombok Strait Sill: 300 m
Width: 35 km

east 115�53.880E 8�24.140S 1144 10 January 2004–16 December 2006
west 115�45.550E 8�26.390S 921 9 January 2004–15 June 2005

Ombai Strait Sill: 3250 m
Width: 35 km

north 125�0.160 E 8�24.100 S 1329 4 January 2004–6 December 2006
south 125�3.860E 8�32.000S 3224 8 August 2003–7 December 2006

Timor Passage Sills: 1250 m (Leti)
1890 m (West Timor)
Width: 160 km

roti 122�46.790 E 11�09.750 S 741 1 January 2004–13 December 2006
sill 122�51.900 E 11�16.480 S 1890 31 December 2003–12 December 2006
south slope 122�57.590 E 11�22.090 S 1386 30 December 2003–12 December 2006
Ashmore 122�58.440 E, 11�31.700 S 902 30 December 2003–13 December 2006

aThe location and depth of each mooring is given for the first 18-month deployment period (December 2003–June 2005) and are very similar to the
redeployment positions for the second 18-month deployment (June 2005–December 2006). The top part of the Timor Sill mooring from deployment 1
prematurely parted in August 2004, but this instrumentation and a deeper current meter were later recovered during the turn-around cruise in June 2005.
The Lombok West mooring was not recovered for the second deployment period.
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tidally averaged shipboard Acoustic Doppler Current Pro-
filer (ADCP) surveys described by Hautala et al. [2001].
Coastal shallow pressure gauges were also deployed on
either side of each exit passage to directly measure the sea
level slope for proxy surface geostrophic transport calcu-
lations, and the mooring locations in each passage were
located along a line between the pressure gauges (Figure 1).
[8] Lombok Strait is 35 km wide, and the two moorings

(Lombok West and Lombok East) were deployed in deeper
water north of the �300 m sill, as the currents at the sill are
too strong to deploy a tall mooring. Lombok is the outflow
portal for the Makassar Jet, with perhaps a smaller contri-
bution from the South China Sea by way of Karimata Strait
in the Java Sea [Tozuka et al., 2007]. Lombok is also the
first major passage along Nusa Tenggara that is exposed to
flow from the equatorial Indian Ocean (Figure 1). Ombai
Strait is 37 km wide across the �3250 m basin where two
moorings (Ombai North and Ombai South) were deployed
between the pressure gauges. The southern mooring site is
the same as that instrumented by Molcard et al. [2001]. Net
flow through Ombai is constrained downstream by Sumba
Strait (�900 m) and Savu/Dao Strait (�1150 m). Timor
Passage is the widest exit strait, being 160 km wide at the
western sill where four moorings were deployed (Timor
Roti, Timor Sill, Timor South Slope, and Timor Ashmore).
Below 1250 m depth, corresponding to the upstream Leti
sill at its eastern edge, the Timor Basin is isolated from the
Banda Sea but connected to the IndianOcean down to 1890m
(depth of the western sill instrumented by INSTANT). A
significantly wide but shallow continental shelf, the Aus-
tralian Northwest Shelf, is located to the south of Ashmore
Reef (Figure 1). Like the Java Sea shelf, flow across this
shelf was not monitored during INSTANT, although earlier
surveys by Cresswell et al. [1993] suggested that its net
contribution to the interocean exchange is small. Thus we
believe that the INSTANT array across the three exit
passages captures nearly all the interbasin exchange.
[9] All 8 moorings in the exit passages were recovered,

refurbished and redeployed in June–July 2005 from the KR
Baruna Jaya VIII. The upper section (surface to 1400 m) of
the Timor Sill mooring had parted in August 2004, but the
instrumentation was recovered providing a �7 month
record. In addition, two deeper current meters were recov-
ered during the July 2005 turn-around cruise and provided a
full 18-month deployment record below 1400 m at the
Timor Sill. Final recovery of all moorings occurred in
December 2006 from the KR Baruna Jaya I, except for
the Lombok West mooring which parted a month earlier and
went missing.
[10] Mooring velocity instrumentation configuration was

fairly similar on all moorings (see Figure 3), with an
upward-looking ADCP deployed so as to resolve the
surface to thermocline flow, and single-point current meters
positioned at depth to resolve the subthermocline to inter-
mediate depth flow. The ADCPs and most current meters
included temperature and pressure sensors, and additional
temperature, temperature-pressure and temperature-salinity-
pressure sensors were deployed at discrete depths through-
out the water column. Sampling rates were set to resolve the
tides, and varied between 10 minutes through to 2 hours for
the deeper current meters. As anticipated, pressure time
series revealed that all moorings were subjected to substan-

tial blow-over through tidal and low-frequency forcing, with
moorings typically profiling 50–100 m at peak tides
(though South Ombai mooring profiled > 300 m). For each
instrument without a direct pressure measurement or with
gaps, pressure was assigned using the nearest full time
series pressure record and the planned deployment wire
lengths between instruments. Complete details of all moor-
ing instrumentation, deployment depths, data coverage and
the quality control for treatment of compass errors, time
drifts, and fouling can be found in the online data report
[Cowley et al., 2008].

2.2. Handling Data Gaps

[11] After quality control of the individual instrument
records, a data set for each mooring was compiled by
‘‘stacking’’ filtered and interpolated data onto a common
time base of 1 hour. The velocity data were then vertically
linearly interpolated onto a 10-m-depth grid for each hour
time step. In order to estimate transport errors associated
with missing velocities in the surface layer (typically the
upper 30–50 m due to surface reflection contamination of
the ADCP), gaps were filled using three models: (1) a
constant velocity equal to the shallowest measured velocity
(i.e., a ‘‘slab’’ extrapolation), (2) constant shear to the
surface, and (3) extrapolation to zero velocity. Similarly,
the missing velocity at the ocean bottom needs to be
accounted for in the transport calculations. In Lombok
and Ombai Straits, the velocity is assumed to be zero at
the bottom, because the moorings in these straits were
deployed at depths much greater than the controlling sill
depths of 300 m and 1150 m, respectively. In Timor Passage
the moorings were deployed on the sill exposed to the
Indian Ocean, so for these moorings both a slab approach
assigning the deepest measured velocity to the missing data
below, and a constant shear to zero velocity at the bottom
assumptions were used.
[12] The vertically gridded velocity time series was then

low-pass filtered with a 4-day Hamming window (to sup-
press the inertial and tidal variability) and subsampled to
daily values. Finally, the Cartesian velocities were rotated
based on the orientation of the pressure gauges (Lombok
350�T; Ombai 80�T; Timor 246�T) into along strait veloc-
ities (ASV).
[13] Significant gaps in the ASV time series occur for the

Timor Sill data: from the surface to 1400 m depth from
August 2004 to June 2005 during deployment 1 due to the
mooring parting early; and during deployment 2 the ADCP
had a faulty connection and only a small number of bins
close to the instrument were retrieved. The second deploy-
ment of Timor Ashmore failed to release and was trawled up
leaving a data gap below 400 m. In addition, the second
mooring deployment of Lombok West from June 2005–
December 2006 was not recovered. These gaps, along with
shorter gaps due to individual instrument failure, were filled
by finding predictors for the missing ASV using the
available temperature and ASV data from the surrounding
moorings. That is, the ASVat each depth was expressed as a
linear combination of predictors whose coefficients were
determined using a damped least squares fit; the predictors
were the normalized temperature and ASV from the sur-
rounding moorings at all available depths. As in all damped
least squares solutions, results are sensitive to the assumed
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ratio between the solution size and the residual size. An
independent test of the accuracy of each prediction was to
reduce the size of the training data set (the available ASV
observations) and then compare predictions for the withheld
data. Residuals between the observed and the predicted
ASV were typically found to be �0.05–0.10 m s�1, and the
predictor errors are believed small compared to other
interpolation errors (see below). The resulting predicted
ASVs were then used to fill the gaps in the time series.

2.3. Cross-Passage Interpolation of Velocity

[14] To estimate the transport through each strait, the
mooring point observations need to be laterally interpolated
between the moorings and extrapolated to the strait side-
walls. Our choices were guided by earlier available mooring
and shipboard ADCP data in each strait; remotely sensed
color and SST data; and the cross-passage differences
evident in the flow from the moorings themselves.
[15] In Lombok Strait, the two moorings are separated

by 15.8 km, and the ASV toward the Indian Ocean was
slightly stronger at Lombok West compared to Lombok East
(Figure 2a), as also observed during three snap-shot ship-
board ADCP surveys by Hautala et al. [2001]. There is a
very strong correlation between ASV at Lombok East and
West at all depths above the sill (a result also confirmed
through the least squares prediction used to fill the missing
second deployment Lombok West data). In contrast to
Lombok, the ASV at Ombai North is completely different
from that at Ombai South (Figure 2b), even though these
two moorings are separated by only 14.7 km. The strongest
ITF is primarily confined to the southern part of the strait,
although upper layer reversals are equally strong in both
Ombai North and South. The ADCP surveys across Ombai
Strait reported by Hautala et al. [2001] also show the
strongest westward Throughflow is mainly confined to the
southern two thirds of the strait. Persistent strong midstrait
surface fronts are evident in ocean color, SST and Synthetic

Aperture Radar imagery [e.g., Moore and Marra, 2002],
and these express different flow dynamics on either side of
Ombai Strait. In both Lombok and Ombai Straits, the
shipboard ADCP transects show significant flow up to a
kilometer or so from the coast, suggesting that the sidewall
boundary is very narrow. Compared to Lombok and Ombai,
the flow at all 4 moorings in Timor Passage is relatively
steady toward the Indian Ocean (Figure 2c), with reversals
most common at the northern-most Timor Roti that are often
out of phase with ASV at the southern Timor Ashmore,
possibly indicating the presence of clockwise rotating
eddies passing through this strait [Feng and Wijffels, 2002].
[16] Based on this information, three schemes were

chosen for possible cross-passage interpolation (in 1 km
bins) of the mooring ASV data in each of the three exit
passages: (1) linear interpolation across the passage
(referred to in the following as linear), (2) cubic-spline
interpolation across the passage (cubic) and (3) evenly
dividing the cross-passage distance between the moorings
with ASV uniformly assigned by the nearest mooring
(block). In all schemes, zero flow is assumed in the last
1 km bin nearest the sidewalls, suggesting an effective
channel width that is slightly less than the topographic
width. A fourth scheme was also chosen for Lombok and
Ombai to allow for the observed flow intensification hori-
zontally across these passages: (4) dividing the cross-passage
with a frontal boundary at 115.8�E in Lombok and 8.4�S in
Ombai, with ASV uniformly assigned by the nearest moor-
ing, assuming zero flow in the last 1 km bin nearest the
sidewalls (w-block). A stationary position was chosen to
mimic the front because unfortunately the remotely sensed
SST and color images are significantly impacted by cloud in
this monsoonal region and hence a complete time series is
not available. In all transport schemes we used the Smith
and Sandwell [1997] 30-arc second bathymetry to deter-
mine the strait area.
[17] Figure 3 shows the ASV mean and standard devia-

tion for the 3-year time series using the constant shear
surface model and cubic-spline interpolated across the
channel with a no slip condition at the sidewalls. Each exit
passage is displayed down to the sill depth of relevance for
exchange between the Pacific and Indian Ocean, and the
sign convention to be used in this paper is such that negative
flow is into the Indian Ocean (i.e., the ITF). Western
intensification is evident in Lombok Strait with this side of
the channel also exhibiting the most variability (Figure 3a).
The mean above sill flow in Lombok is all directed toward
the Indian Ocean.
[18] A major new result from the INSTANT measure-

ments is the nature of the flow on the northern side of
Ombai where the flow is directed away from the Indian
Ocean and toward the internal seas (Figure 3b). A surface
core extending to �80 m depth, with mean flows of �0.10–
0.17 m s�1, is separated by a region of weak flow toward
the Indian Ocean from a deeper eastward core that hugs the
coastline between �220 and 800 m depth. We believe that
these two cores are eastward extensions of the surface South
Java Current (SJC) and the subsurface South Java Under-
current (SJUC). These currents are found with a near
identical vertical structure near the coast of Java in the
annual geostrophic velocity mean from the XBT transect
IX1 data [Meyers et al., 1995; Wijffels et al., 2008], from

Figure 2. Time series of the along-strait velocity (ASV,
m s�1) at 100-m depth measured at the INSTANT moorings
(a) Lombok West (solid) and Lombok East (dashed);
(b) Ombai South (solid) and Ombai North (dashed); and
(c) Timor Ashmore (black solid), Timor South Slope (black
dashed), Timor Sill (gray dashed), and Timor Roti (gray
solid). Note different velocity scales in each panel.

C07001 SPRINTALL ET AL.: INDONESIAN THROUGHFLOW TRANSPORT

5 of 19

C07001



various synoptic CTD surveys south of Java and Bali [Fieux
et al., 1994, 1996; Wijffels et al., 2002], and the synoptic
velocity sections of the study by Hautala et al. [2001]. Salty
intermediate water suggesting an intrusion of North Indian
Intermediate Water carried by the SJUC has also been
identified from INSTANT cruise CTD data [Atmadipoera
et al., 2009]. The presence of the lateral reversal in the
northern part of Ombai Strait strongly supports the idea that
the SJC and the SJUC are sustained by Indian Ocean wind-
driven Kelvin wave energy, which is therefore confirmed to
extend past Lombok and Sumba Strait and onto Ombai. In

southern Ombai Strait, two ITF cores are evident: a surface
core with flow dropping to a minimum near �80 m depth
and a slightly stronger subsurface core with mean ASV of
��0.45 m s�1 centered at �180 m (Figure 3b). The 1996
moored record by Molcard et al. [2001] also suggested the
presence of the deep flow maximum. The surface core
shows the highest variability. The two-core structure to
the ITF in Ombai Strait is also evident in the mean
geostrophic flow across the repeat XBT line PX22, which
crosses the inflow of Ombai Strait just north of Alor Strait
between Alor and Wetar islands [Wijffels et al., 2008].

Figure 3. (left) Mean and (right) standard deviation of the along-strait velocity in (a) Lombok Strait,
(b) Ombai Strait, and (c) Timor Passage to the respective sill depths. Note the change in depth scales
below 300 m in Ombai and Timor. The position of the moorings across each passage and velocity
instrumentation (diamonds, ADCP; squares, discrete current meters) is shown schematically overlain in
white.
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[19] In Timor Passage, the ITF is strongly surface trapped
in the upper �200 m. Interestingly even the surface flow is
strongest over the deep sill itself (Figure 3c) while there is
more variability in the flow to the north near Roti, as also
suggested by Figure 2c. There is a secondary weak core of
Timor ITF centered �1200 m, also found in earlier mooring
observations [Molcard et al., 1996]. This deeper core is
associated with the Indonesian Intermediate Water (IIW)
carried by the ITF [Talley and Sprintall, 2005]. Below
�1600 m on the sill, the mean ASV is directed toward
the Timor basin, although there is high variability associated
with this flow (Figure 3c). Overall though, Timor exhibits
much weaker upper ocean velocity variability than Lombok
or Ombai Straits, which likely reflects its topographical
isolation from the active equatorial Indian and Nusa Teng-
gara coastal waveguides.
[20] In the following, we show transports calculated using

a constant surface shear model for all straits, and our
w-block lateral interpolation for Ombai and Lombok and a
cubic lateral interpolation for Timor. These schemes are
considered our most likely or ‘‘best’’ interpolation schemes.
However, collectively the schemes described earlier give us
a range of possible values for transport. Estimates resulting
from the various cross-passage schemes are most sensitive
in Ombai Strait, because of the totally different character-
istics of the flow in the north and south (Figure 3b), and in
Timor Passage, because of the width of the strait and the
large shallow shelf region south of Timor Ashmore where
we have no measurements (Figure 3c). Similarly, the choice
of the surface layer model (3) would be a lower bound on
the transport estimates. The range of transport from the
combination of cross-passage and surface layer schemes
will be reported as our uncertainty error. Other errors may
be introduced by measurement error, but this contribution is
likely much smaller compared to our assumptions about the
flow structure across the passage or at depths where direct
instrument measurements are missing.

3. Transport Variability

[21] Winds from the Pacific and Indian Oceans and over
the regional Indonesian seas modulate the ITF on a wide
variety of timescales via the excitation and propagation of
planetary waves [Clarke and Liu, 1994; Meyers, 1996;
Sprintall et al., 2000; Potemra, 2001; Wijffels and Meyers,
2004; McClean et al., 2005]. Because of its proximity to
Asia and Australia, the circulation and transport within the
Indonesian seas has a large seasonal variation due to the
influence of the reversing annual wind patterns associated
with the Asian-Australian monsoon system [Clarke and Liu,
1993; Masumoto and Yamagata, 1996]. Relatively dry
winds blow from the southeast across the region during
June–August, referred to as the Southeast Monsoon (SEM).
Moist warm air blows from the west during the Northwest
Monsoon (NWM). Between these times, the intertropical
convergence zone passes across the equator in both the
Pacific and the Indian Oceans, and embedded in this are
westerly wind bursts that mark the Monsoon Transition
Seasons (MTS). Transport is expected to be maximum
during the SEM when the winds drive strong Ekman
divergence from the internal seas [Wyrtki, 1987; Gordon
and Susanto, 2001]. On interannual timescales, most mod-

els and observations point to a weaker ITF during El Niño
in response to the Pacific trade-wind reversals that subse-
quently lowers western Pacific sealevel [Wyrtki, 1987;
Clarke and Liu, 1994; Meyers, 1996; Gordon et al., 1999;
Wijffels and Meyers, 2004; McClean et al., 2005; England
and Huang, 2005]. Less is known about the role of the
Indian Ocean Dipole (IOD) on ITF transport variability, and
its associated modulation of local and remote equatorial
Indian Ocean winds [Saji et al., 1999]. A shallow pressure
gauge array (SPGA) with surface temperature and salinity
measurements deployed within the exit passages from 1995
to 1999 revealed a complex and different interannual
transport response in each passage [Hautala et al., 2001;
Sprintall et al., 2003]. However, that deployment period
included both the major 1997–1998 El Niño and IOD
events that were in phase that year. In addition, models
[e.g., Potemra et al., 2003] and the long-term XBT obser-
vations [Wijffels and Meyers, 2004] suggest that the low
frequency signal from both the Indian and the Pacific Ocean
is probably stronger in the deeper layers, and so not easily
detected by the surface measurements during the SPGA
deployment period.
[22] In this section we examine the distribution of trans-

port with depth and its subinertial variability (section 3.1) at
seasonal (section 3.2) and interannual timescales (section 3.3).
The seasonal cycle is based on the annual and semiannual
harmonics from the 3-year INSTANT time series, and
‘‘interannual’’ anomalies are then formed by a 75-day low
pass of the seasonal anomalies. The mean transport profile
for each exit passage and the associated heat flux are
discussed in section 3.4. In section 3.5, the transport per
unit depth time series are integrated to various depth levels
to produce the total transport time series and its seasonal
variability. Finally, in section 3.6 we present the 3-year
mean INSTANT total transports for each of the three
passages.

3.1. Vertical Distribution of the Subinertial Flow

[23] The INSTANT observations reveal a highly baro-
clinic and complex flow featuring strong phase changes
with depth. After the tidal band, intraseasonal variability
dominates the flow. Strong similarities are found in the 3-year
time series of transport per unit depth over the upper 300 m
in both Lombok (Figure 4a) and Ombai Straits (Figure 4b).
The surface ITF is typically strongest during the SEM from
July through October, while the NWM from December
through March is punctuated by shallow transport reversals
(i.e., away from the Indian Ocean) in both straits. Reversals
during this monsoon phase have a clear intraseasonal
variability and given the relatively shallow vertical penetra-
tion, they are most likely a locally wind-driven Ekman
dynamical response (Wijffels et al., in preparation). When
these surface reversals occur, the main ITF is found in the
subsurface. During the NWM, the Ombai Strait ITF trans-
port can extend to almost 1200 m depth, and is just as strong
as that found at the surface during the SEM.
[24] The strong flow reversal in May 2004 from the

surface to 300 m in Lombok Strait (Figure 4a) and to
�700 m in Ombai Strait (Figure 4b) is the clear signature
of a downwelling Kelvin wave generated in response to
wind reversals in the equatorial Indian Ocean during this
MTS [Clarke and Liu, 1994; Sprintall et al., 2000; Molcard
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