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Abstract

The Indonesian Throughflow (ITF), which connects the tropical Pacific and Indian oceans, plays important roles
in the inter-ocean water exchange and regional or even global climate variability. The Makassar Strait is the main
inflow passage of the ITF, carrying about 77% of the total ITF volume transport. In this study, we analyze the
simulated ITF in the Makassar Strait in the Simple Ocean Data Assimilation version 3 (SODA3) datasets. A total of
nine ensemble members of the SODA3 datasets, of which are driven by different surface forcings and bulk
formulas, and with or without data assimilation, are used in this study. The annual mean water transports (i.e.,
volume, heat and freshwater) are related to the combination of surface forcing and bulk formula, as well as
whether data assimilation is employed. The phases of the seasonal and interannual variability in water transports
cross the Makassar Strait, are basically consistent with each other among the SODA3 ensemble members. The
interannual variability in Makassar Strait volume and heat transports are significantly correlated with El Niño-
Southern Oscillation (ENSO) at time lags of −6 to 7 months. There is no statistically significant correlation between
the freshwater transport and the ENSO. The Makassar Strait water transports are not significantly correlated with
the Indian Ocean Dipole (IOD), which may attribute to model deficiency in simulating the propagation of semi-
annual Kelvin waves from the Indian Ocean to the Makassar Strait.
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1  Introduction
The transport of warm water from the western tropical Pacific

to the Indian Ocean, known as the Indonesian Throughflow
(ITF), provides the only inter-ocean channel for water mass and
heat flux transport at low latitudes, making the so called “great
ocean conveyor belt” closed (Broecker, 1991; Gordon and Fine,
1996; Talley, 2013). The ITF plays important roles in not only heat
and salt balance of both the Pacific and Indian oceans, but also
the global climate (Gordon, 2005). The water transport, i.e.,
volume, heat, and salt or freshwater transports, are one of the
most fundamental issues for the ITF studies. The volume trans-
port of the ITF is estimated at a low value of −1.7 Sv (1 Sv =
106 m3/s) by Wyrtki (1961) and much higher values from −5.1 Sv
up to −18 Sv summarized by Gordon (1986) before direct meas-
urements of current are available (negative value indicates
volume transport from the Pacific to Indian Ocean). The heat

transport of the ITF is estimated in the range of 0.24–1.15 PW
(1 PW = 1015 W) from the Pacific to Indian Ocean (Hirst and God-
frey, 1993; Tillinger and Gordon, 2010; Xie et al., 2019; Zhang et
al., 2019). In addition to the ITF, there is a South China Sea
branch of the cross-basin water transport route, with observed
volume, heat, and freshwater transport of (−0.78 ± 0.12) Sv,
(−77.31 ± 4.99) TW (1 TW = 1012 W), and (−30.87 ± 6.15) mSv
(1 mSv = 10−3 Sv) from the South China Sea to the Indonesian
seas through the Karimata Strait, which in turn join the main
route of the ITF in the south of Makassar Strait (Fang et al., 2010;
Susanto et al., 2013; Wang et al., 2019; Wei et al., 2019; Xu et al.,
2021). There is no direct measurement of freshwater transport of
the ITF been reported yet.

Since 1983, repeated expendable bathythermography (XBT)
have been launched along the section between Fremantle, Aus-
tralia and Sunda Strait, Indonesian (IX1 section) to measure up-  
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per ocean temperature and monitor the ITF variability. Using the
temperature of XBT operation along the IX1 section, Meyers et al.
(1995) gave an estimation of 5 Sv for the ITF geostrophic trans-
port relative to 400 m water depth. The ITF geostrophic transport
across the IX1 section has been updated by subsequent studies,
showing large uncertainty caused by the different assumption of
salinity (Liu et al., 2005, 2015; Wijffels et al., 2008). Satellite alti-
meter observation provides another method for the ITF trans-
port proxy by empirical formula, to produce a longer time series
to study the interannual variability of the ITF (Potemra, 2005;
Sprintall and Révelard, 2014; Susanto and Song, 2015).

Direct measurements of the ITF transport come from the In-
ternational Nusantara Stratification and Transport (INSTANT)
program from 2004 to 2006 (Sprintall et al., 2004, 2009; Gordon et
al., 2010) and earlier Arlindo program from 1996 to 1998 (Gordon
et al., 1999; Susanto and Gordon, 2005). When the INSTANT pro-
gram ended in 2006, a single mooring in the Makassar Strait was
maintained to date (monitoring the ITF, MITF) (Susanto et al.,
2012; Gordon et al., 2019). Gordon et al. (2019) summarized the
longterm direct measurement of current velocity profiles in the
Makassar Strait covering the Arlindo, INSTANT and MITF peri-
ods from December 1996 to August 2017. Their results show
longterm mean Makassar Strait throughflow transport of about
12–13 Sv, approximately 77% of the total ITF transport, with
multi-time scale variations from intraseasonal to seasonal, inter-
annual and decadal, which are associated with the intraseasonal
Kelvin waves (Pujiana et al., 2013; Napitu et al., 2019; Pujiana and
McPhaden, 2020), monsoon (Susanto et al., 2012), Indian Ocean
Dipole (IOD) and El Niño3.4-Southern Oscillation (ENSO)
(Sprintall and Révelard, 2014; van Sebille et al., 2014; Yuan et al.,
2013; Pujiana et al., 2019), and Interdecadal Pacific Oscillation
(IPO) (Li et al., 2020).

As the ITF is dynamically driven by the Pacific-Indian pres-
sure head that determined by large scale distribution of the Indo-
Pacific wind (Wyrtki, 1987), ocean circulation models generally
could reproduce a reasonable annual mean total ITF transport
(Du and Qu, 2010; Lee et al., 2010; Metzger et al., 2010). However,
there are rarely ocean models could reproduce appropriate ITF
details, e.g., semi-annual phase, intraseasonal and interannual
variabilities, and transport proportion in different straits/pas-
sages (Humphries and Webb, 2008; Tillinger and Gordon, 2009;
Metzger et al., 2010; Zhao et al., 2015; Liang et al., 2019). These
deficiencies are attribute to complex topography, strong mixing,
frequent internal waves, and active air-sea interactions in the ITF
regions (Sprintall et al., 2019). Insufficient data assimilation in
the ITF region may also a limitation for improved ITF simulation.
The Simple Ocean Data Assimilation (SODA) has released its ver-
sion 3 dataset, with different ensemble members that forced by
various surface forcings, providing opportunity for comparing
the simulated ITF in a same ocean model configuration (Carton
et al., 2018). Therefore, in this study, we will focus on the consist-
ency and discrepancy among the SODA3 ensemble members in
simulating the ITF in Makassar Strait, where the long-term time
series of in situ observed current velocity profiles are available.
The ITF in the Lombok and Ombai straits are not considered be-
cause the two straits are not well resolved in the SODA3 products.
We do not analyse outside ocean reanalysis because they are pro-
duced based on another ocean model configuration, thereby cer-
tainly leading to different ITF characteristic.

The remainder of this paper is organized as follows: Section 2
describes the direct measurement of current profiles in the
Makassar Strait and the SODA3 dataset, and introduces the ana-
lysis methods. Sections 3−6 compare the simulated ITF in the

Makassar Strait across the SODA3 ensemble members with the
observations and other reanalysis dataset. Section 7 gives the dis-
cussion and conclusions.

2  Data and methods

2.1  Direct measurement of the Indonesian Throughflow
The direct measurements of the ITF in the Makassar Strait are

obtained from Gordon et al. (2019). In this study, we use the cur-
rent velocity profiles observed by moorings during the INSTANT
(January 2004 to November 2006) and MITF (November 2006 to
August 2017) periods. The INSTANT moorings were deployed at
Mak-West (2°51.9 ′S, 118°27.3 ′E) and Mak-East (2°51.5 ′S,
118°37.7′E) (Fig. 1). Both moorings were equipped with an up-
ward-looking and a downward-looking RD Instruments 75 kHz
Acoustic Doppler Current Profilers (ADCP) at a nominal depth of
300 m, and single point current meters at 400 m and 750 m. The
Mak-West mooring was equipped with two additional current
meters at 200 m and 1 500 m. The MITF maintains the Mak-West
mooring, with slight changes in mooring configuration of the
nominal depths of the instruments for the periods of 2007–2009,
2009–2011, and 2011–2017. These observed zonal and meridion-
al velocities are compiled with a vertical resolution of 20 m from
40–760 m and hourly time interval, covering the periods from
January 18, 2004 to August 18, 2017 (missing data from August
2011 to August 2013), and can be downloaded from https://www.
ldeo.columbia.edu/~bhuber/MITF/.

2.2  Satellite derived sea surface wind product
The sea surface winds at 10 m are from the Cross Calibrated

Multi-Plantform (CCMP) Version 2.0 with a horizontal resolu-
tion of 0.25° × 0.25° and time interval of 6 hours, covering the
period of 1987 to 2019. The CCMP version 2.0 is produced by Re-
mote Sensing Systems based on consistently cross-calibrated
satellite winds (i.e., scatterometers QuikScat and ASCAT-A as
well as the SSM/I, SSMIS, TMI, GMI, ASMR-E, AMSR2, and
WindSat radiometers), in situ measurements from moored
buoys, and background winds from the ERA-Interim reanalysis
(Atlas et al., 2011; Mears et al., 2019).

2.3  SODA3 reanalysis products
The SODA3 was designed to reconstruct the historical simula-

tion of the ocean dynamical environment, based on ocean nu-
merical models with assimilation of available observations (Car-
ton et al., 2018). The SODA3 is built on the Modular Ocean Mod-
el, version 5 (MOM5), with 1 440×1 070 eddy permitting quasi-
isotropic horizontal grid cells (zonally 0.25° and meridionally
varying from 0.1° at high latitude to 0.25° in tropics), and 50 ver-
tical levels on an Arakawa B-grid (Delworth et al., 2012). The in-
gested observations include the World Ocean Database of histor-
ical hydrographic profiles (Boyer et al., 2013), and in situ and re-
mote sensing sea surface temperature (SST) from the Interna-
tional Comprehensive Ocean-Atmosphere Data Set (ICOADS)
version 5 (Woodruff et al., 2011) and the L3 Pathfinder version 5.2
Advanced Very High Resolution Radiometer (AVHRR) (Casey
et al., 2010). The SODA3 releases a series of reanalysis ensemble
members with different forcing and bulk formula. The Modern-
Era Retrospective Analysis for Research and Applications, Ver-
sion 2 (MERRA2) is an atmospheric reanalysis of the modern
satellite era produced by NASA’s Global Modeling and Assimila-
tion Office (GMAO) (Gelaro et al., 2017). ERA-Interim is a global
atmospheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011).
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The Coordinated Ocean Research Experiments version 2 (COREv2)
provides a set of common atmospheric boundary conditions to
force ocean models and has been widely used, sponsored by the
CLIVAR Working Group for Ocean Model Development
(WGOMD) (Large and Yeager, 2009; Griffies et al., 2009). The Ja-
panese 55-year Reanalysis (JRA-55) is a homogeneous climate
dataset with sophisticated data assimulation, produced by the Ja-
pan Meteorological Agency (JMA) (Kobayashi et al., 2015; Harada
et al., 2016). The Drakkar Forcing Set 5.2 (DFS5.2) was developed
to drive ocean hindcasts based on ERA-interim reanalysis
(Dussin et al., 2016). The JRA-55DO is a surface dataset based on
the JRA-55 (Tsujino et al., 2018), and is used to drive ocean-sea
ice models that involved in the Phase 2 of the Ocean Model Inter-
comparison Project (OMIP-2). The Large-Yeager (Large and
Yeager, 2004, 2009) and COARE4 (Fairall et al., 2003) bulk formu-
las optional employed in different ensemble members of SODA3.

Of these reanalysis datasets, they were remapped onto a 0.5° ×
0.5° horizontal grid with 50 vertical levels from the native grid
(Carton et al., 2018). In this study, we analyse nine of the SODA3
ensemble members with no data assimilation in SODA3.3.0 and
optimum interpolation (OI) assimilation method in the rest (Ta-
ble 1).

2.4  Other ocean reanalysis products
Two previous version of the SODA3 products, i.e., the

SODA2.0.2 and SODA2.2.4, as well as 4 other ocean reanalysis
products, are also used for intercomparison. The SODA2.0.2 and
SODA2.2.4 are developed based on the Parallel Ocean Program
(POP) ocean model, with a horizontal resolution of 0.5° × 0.5° and
40 vertical levels,  covering the period of 1958–2001 and
1871–2010, respectively (Carton and Giese, 2008). The ocean ana-
lysis/reanalysis system (ORA-S3 and ORAS4) are implemented by
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Fig. 1.   The sketch map of the Indonesian Throughflow (solid arrows) and the South China Sea branch (dashed arrows) of the Pacific
to Indian Ocean Throughflow (following Fang et al. (2010)) (a), with red stars in donating the subsurface mooring stations of Mak-
West (2°51.9′S, 118°27.3′E) and Mak-East (2°51.5′S, 118°37.7′E) during the INSTANT and MITF periods, and the integration route for
the wind stress in the Island Rule calculation (red lines) (b).
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the ECMWF. The ORA-S3 is on a horizontal resolution of 1° × 1° at
29 vertical levels from 1959 to 2011 (Balmaseda et al., 2008). The
ORAS4 is on a horizontal resolution of 1° × 1° at 42 vertical levels
from 1958 to 2013 (Balmaseda et al., 2013). The GLBa0.08 dataset
of the Hybrid Coordinate Ocean Model (HYCOM) products, with
a horizontal resolution of (1/12)° × (1/12)° at 33 vertical levels
from 2004 to 2014, are also used (Bleck and Boudra, 1981).

2.5  Methods
Based on the steady and frictionless Sverdrup theory, the ITF

transport (FIR) can be estimated by the Island Rule (Godfrey,
1989):

FIR =


fN − fS

∮
τ
ρ

dl, (1)

where fN and fS are the Coriolis parameter at the southern (~44°S)
and northern (0°) legs of the integration route, respectively. ρ0 is
the averaged density of ocean, taken as 1 035 kg/m3. τ is the along
route wind stress, which is integrated along the enclosed route as
marked by red lines in Fig. 1.

The ITF volume transport (Fv) in Makassar Strait is calculated
as the area integral of the normal velocity across the transect (3°S,
116°–119°E), as follows:

Fv =

∫
A
vdA, (2)

where v is the meridional velocity across the transect, and dA
donates the area element.

Heat transport (FH) and freshwater transport (FW) is calcu-
lated as follows:

FH = ρCp

∫
A
(T− T) vdA, (3)

FW = ρ

∫
A

[
S − S
S

]
vdA, (4)

where ρ, T, and S are the sea water density, temperature and sa-
linity in the transect, respectively; Cp is the specific heat (3.89 ×
103 J/ (kg·℃)); and T0 and S0 are the reference temperature and
salinity, set to 3.72℃ and 34.62, as suggested by previous studies
(Schiller et al., 1998; Fang et al., 2010; Xu et al., 2021).

The Niño3.4 index is defined as the averaged SSTA in the area
of the equatorial central and eastern Pacific (5°S–5°N, 170°–
120°W). The Dipole Mode Index (DMI) is calculated as the differ-
ence of SSTA between the western (10°S–10°N, 50°–70°E) and
southeastern tropical Indian Ocean (10°S–0°, 90°–110°E) (Saji et

al., 1999).

3  Comparison with observed ITF in the Makassar Strait
During the INSTANT and MITF periods, the mooring ob-

served velocity profile shows vertically increasing of southward
velocity in the upper layer and then deceasing with depth, with
maximum value of approximately −0.63 m/s occurring within the
100 m to 120 m depth interval (Fig. 2a). The vertical structure of
subsurface velocity maximum is well reproduced by the SODA3
datasets, with ensemble mean value of (−0.75 ± 0.16) m/s at 120 m
depth (Fig. 2a). The temperature profiles in the Makassar Strait
are vertically consistently distributed among the SODA3 datasets,
with standard deviations from 0.01℃ to 0.36℃, generally smaller
than 2% of the multi-dataset ensemble means temperature
(Fig. 2b). Note that the simulated temperature shows larger bi-
ases up to 5.39℃ in the mixed and thermocline layers, and smal-
ler biases only around 0.08℃ beneath the 300 m depth (Fig. 2b).
In observation, the salinity maximum (34.64) co-occurs with the
velocity maximum, suggesting intrusion of the North Pacific Sub-
tropical Water (NPSW); a salinity minimum core (34.05) at
around 300 m, with temperature of 10℃ and velocity of −0.34 m/s,
suggesting the intrusion of the North Pacific Intermediate Water
(NPIW) (Gordon and Fine, 1996; Ilahude and Gordon, 1996). In
comparison, the salinity maximum core (34.80 ± 0.13) is at the
same depth range of the velocity maximum, i.e., 120 m depth on
average in the SODA3 dataset, which is deeper and saltier than

 

Table 1.   Details of the SODA3 reanalysis products used in the present study
No. Dataset Assimilation Forcing Forcing resolution Bulk formula Period

1 SODA3.3.0 no assimulation MERRA2 ~0.5° × 0.625° Large-Yeager 1980–2015

2 SODA3.3.1 optimum interpolation MERRA2 ~0.5° × 0.625° Large-Yeager 1980–2015

3 SODA3.3.2 optimum interpolation MERRA2 ~0.5° × 0.625° COARE4 1980–2017

4 SODA3.4.1 optimum interpolation ERA-Interim ~80 km (T255) Large-Yeager 1980–2016

5 SODA3.4.2 optimum interpolation ERA-Interim ~80 km (T255) COARE4 1980–2017

6 SODA3.6.1 optimum interpolation COREv2 1° × 1° Large-Yeager 1980–2009

7 SODA3.7.2 optimum interpolation JRA-55 ~55 km (TL319) COARE4 1980–2016

8 SODA3.11.2 optimum interpolation DFS5.2 ~0.7° × 0.625° COARE4 1980–2015

9 SODA3.12.2 optimum interpolation JRA-55DO ~55 km (TL319) COARE4 1980–2016
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Fig. 2.   The multi-dataset ensemble means of SODA3 (solid lines)
and observed (dashed lines) velocity and temperature/salinity
profiles in the Makassar Strait. a. Along-strait velocity; b. temper-
ature (red lines) and salinity (blue lines). The error-bars indicate
the standard deviation of the SODA3 products.
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that in observation (Fig. 2b). The simulated salinity minimum
that associated with NPIW is in good agreement with the obser-
vation (Fig. 2b). Meanwhile, the SODA3 dataset tend to produce
lower salinity in the upper 100 m, with underestimated biases
around 0.07–0.73.

The temperature-salinity (T-S) diagrams in the Makassar
Strait in the SODA3 ensemble members are shown in Fig. 3. Both
data assimilation and the bulk formulas could result in different
thermohaline structures in the Makassar Strait as derived from
the SODA3 ensemble members. The non-assimilated SODA3.3.0
produces the NPSW with higher salinity (~35.15) than those with
data assimilation (~34.73–34.78), both are higher than the obser-
vation (~34.64). On the contrary, the NPIW is of lower salinity
(~34.36) in SODA3.3.0 than others (~34.47) and the observation
(~34.05). The NPSW and NPIW are consistently identified as
between the isopycnal surfaces σθ of 23–25, and 26–27, respect-
ively. There are wider ranges of salinity for surface waters in
SODA3.3.0, SODA3.3.2, SODA3.4.2, SODA3.7.2, SODA3.11.2,
SODA3.12.2 than SODA3.3.1 and SODA3.4.1, which may attrib-
ute to different Bulk formula, i.e., Large-Yeager in the former and
COARE4 in the later ensemble members.

The simulated annual cycles of the along strait velocity
through the Makassar Strait are compared with observations
(Fig. 4). In observation (Fig. 4a), the along strait velocity shows
intensified subsurface velocity maximum exceeding −0.8 m/s
during the boreal summer (July to September). The subsurface

velocity maximums are getting weaker from November to Janu-
ary, with speed values approximately of −0.5 m/s, and at a much
deeper depth of near 150 m, compared with 70−120 m during
boreal summer. There are northward flows at the intermediate
depth in May and November, which are induced by the propaga-
tion of semi-annual Kelvin waves, with averaged upward propa-
gating phase from 700 m to 200 m of approximately 44.7 m/s and
23.3 m/s for the May and November events, respectively, in
agreement with previous investigation of Susanto et al. (2012).

In the SODA3 ensemble members, they generally have repro-
duced that the occurrence of velocity maximum at the subsur-
face layer. However, the simulated ensemble mean ITF in the
Makassar Strait is stronger by up to 0.2 m/s in the upper 150 m,
and weaker by more than 0.2 m/s between around 200–700 m,
with the largest bias cores at around 70–100 m from March to
May, and from September to December, and around 300–450 m
from January to February, respectively (Fig. 4a). In addition, the
simulated ITF in the Makassar Strait is weaker than observation
by up to 0.3 m/s in the upper 700 m in SODA3.3.0 and SODA3.3.1,
with larger biases in the subsurface layer of 70–100 m, and 200–
450 m (Figs 4b and c). In the rest ensemble members of SODA3,
there are consistently stronger and weaker flows in the upper
200 m and 250–700 m, respectively (Figs 4d−j). The SODA3 data-
sets may partly capture the observed annual cycle features of
stronger/weaker throughflow during boreal summer/winter, and
semi-annual variability that associated with the propagation of
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Fig. 3.   T-S diagram in the Makassar Strait. a. SODA3.3.0, b. SODA3.3.1, c. SODA3.3.2, d. SODA3.4.1, e. SODA3.4.2, f. SODA3.6.1,
g. SODA3.7.2, h. SODA3.11.2, and i. SODA3.12.2.
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Fig. 4.   The annual cycle of the along strait velocity in the Makassar Strait (left column) and the differences between the SODA3 and
observation (right column). a. Observation and differences between SODA3 ensemble mean and observation; b–j. different SODA3 en-
semble members as listed in Table 1. Red lines in the left column indicate the phase lines of the semi-annual Kelvin waves.
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semi-annual Kelvin waves. In terms of the semi-annual variabil-
ity, it appears as upward propagating phase with speeds of
8.5–15.9 m/d and 8.5–23.2 m/d for the May and November
events, respectively, slower than in observation (Figs 4b−j). In
most of the ensemble members, the phase speeds are slower in
May than in November, in contrast with the observation. The
semi-annual Kelvin waves in May are not well identified in
SODA3.3.1 and SODA3.4.1 datasets (Figs 4c and e).

The along strait velocity in Makassar Strait shows weaker in-
terannual variability than observation in the non-data assimil-
ated SODA3.3.0, with amplitude generally near 0.1 m/s, com-
pared with as large as 0.3 m/s in the observation (Figs 5a and b).
In contrast, the ensemble members with data assimilation, have
produced stronger interannual variability in the Makassar along
strait velocity with opposite anomalies between the depth layers
above and below around 300 m or so (Figs 5c−j). The simulated
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Fig.  5.     The along strait  velocity  anomalies  in the Makassar  Strait.  a.  Observation,  b.  SODA3.3.0,  c.  SODA3.3.1,  d.  SODA3.3.2,
e. SODA3.4.1, f. SODA3.4.2, g. SODA3.6.1, h. SODA3.7.2, i. SODA3.11.2, and j. SODA3.12.2.
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strong/weak Makassar throughflow years are generally coincide
with the observation, albeit with slightly differences in phases
and vertical structures. For example, there are consistently in-
creased and decreased southward flow during the persistent La
Niña (2008–2010) and El Niño (2014–2016) conditions.

4  Volume, heat and freshwater transport through the Makas-
sar Strait

The annual mean volume transports in the Makassar Strait
calculated from the along strait velocity (upper 700 m) and the Is-
land Rule (based on CCMP Version 2.0 wind data) are (−12.50 ±
2.83) Sv and (−12.22 ± 1.78) Sv, respectively (Fig. 6a). In compar-
ison, the SODA3.3.0 and SODA3.3.1, forced by MERRA2 and
Large-Yeager bulk formula, yield to smaller annual mean volume

transports of (−7.24 ± 1.06) Sv and (−9.23 ± 1.29) Sv using along
strait velocity (upper 728 m), and (−9.84 ± 1.19) Sv and (−10 ±
1.19) Sv based on Island Rule,  respectively (Fig.  6a).  In
SODA3.3.2, forced by MERRA2 but with COARE4 bulk formula, it
gives annual mean values of (−11.73 ± 1.35) Sv and (−12.14 ± 1.51) Sv
based on along strait velocity (upper 728 m), respectively. The
SODA3.4.1 and SODA3.4.2, forced by ERA-Interim with Large-
Yeager and COARE4 bulk formulas, and SODA3.11.2, forced by
DFS5.2 with COARE4 bulk formula, produce volume transport
roughly equal to the SODA3.3.2 and observation, approximately
of (−11.05 ± 1.46) Sv, (−11.39 ± 1.37) Sv, and (−11.88 ± 1.34) Sv,
slightly smaller than estimated from the Island Rule, which are
(−11.97 ± 1.52) Sv, (−12.55 ± 1.65) Sv, and (−12.54 ± 1.49) Sv, re-
spectively. The SODA3.6.1, forced by COREv2 with Large-Yeager
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Fig. 6.   Annual mean transport of volume (a), heat (b), and freshwater (c) through the upper 700 m of the Makassar Strait in observa-
tions and SODA3 ensemble members. The cyan and pink bars in a are derived from the Island Rule and along strait velocity, respect-
ively. Error bars indicate the standard deviation of the monthly transport time series.
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formula, SODA3.7.2 and SODA3.12.2, forced by JRA-55 and JRA-
55DO with COARE4 formula, produce volume transport roughly
equal to the observation and the above mentioned SODA3 en-
semble member except for SODA3.3.0 and SODA3.3.1, with val-
ues of (−11.93 ± 1.03) Sv, ( −11.17 ± 1.4) Sv, and (−11.91 ± 1.4) Sv,
respectively. The Island Rule estimated transports are smaller
than calculated from along strait velocity in SODA3.6.1,
SODA3.7.2 and SODA3.12.2, with values of (−9.93 ± 1.39) Sv,
(−10.83 ± 1.37) Sv, and (−10.3 ± 1.32) Sv, which are smaller than
that based on CCMP version 2.0 sea surface wind. The observed
heat transport through the Makassar Strait is (−0.55 ± 0.19) PW
(Fig. 6b). In the SODA3 datasets, the heat transport is smaller in
SODA3.3.0 (−0.52 ± 0.07) PW, whereas greater in others, i.e., ran-
ging from (−0.64 ± 0.08) PW to (−0.79 ± 0.09) PW than in observa-
tion (Fig. 6b). There is no observed freshwater transport through
the Makassar Strait. In the SODA3 datasets, the freshwater trans-
port is (6.23±18.45) mSv (northward) in SODA3.3.0, and in a

range of (−51.47 ± 21.62) mSv to (−74.27 ± 21.65) mSv in the rest
SODA3 ensemble members (Fig. 6c). The SODA3.3.1 and
SODA3.4.1 give the smallest, and SODA3.7.2 and SODA3.12.2
give the largest southward freshwater transports.

The annual cycle of the Makassar Strait transport is shown in
Fig. 7. The vertical distribution of volume transport basically is
reminiscent of the along strait velocity, showing intensified
throughflow during boreal summer and northward transport in
the intermediate depth of around 500–700 m in boreal fall (Fig. 7a).
The standard deviations of the volume transport in the SODA3
ensemble members are generally one order smaller than the en-
semble means values, with largest standard deviations occurring
in the mixed layer during August to September, in the subsurface
layer of 100–150 m during March to November (Fig. 7a). The heat
transport is mainly contributed by the upper layer transport, and
is intensified from May to October, with maximum values exceed
−0.01 PW/m in the upper 75 m during boreal summer (Fig. 7b).
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Fig. 7.   Seasonal cycle of the volume (a), heat (b), and freshwater (c) transport per unit depth, and depth integrated volume (d), heat
(e), and freshwater (f) transport in the upper 700 m through the Makassar Strait in SODA3 datasets. Shadings and contours in the left
panels indicate the ensemble means and cross-ensemble member standard deviations of the SODA3 datasets. Solid black and red
lines in d are calculated from the along strait velocity and Islands Rule based on SODA3 dataset, and blue line is from along strait velo-
city in observation. Error bars in d–f are the cross-ensemble member standard deviations of the SODA3 datasets. Unit: 1 Sv = 106 m3/s,
1 PW = 1015 W, 1 mSv = 10–3 Sv.
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The cross-ensemble member standard deviations of heat trans-
port are generally two order smaller than the ensemble means
(Fig. 7b). The southward freshwater transport (negative values) in
the Makassar Strait occurs in the upper mixed layer. Between the
depth of around 100–200 m, the positive values suggest negative
freshwater contribution of the ITF to the Indonesian seas, be-
cause there it carries high salinity NPSW in the subsurface
(Fig. 7c). There is large uncertainty in terms of freshwater trans-
port estimation in the SODA3 datasets, as revealed by that the
standard deviations are nearly the same order with the ensemble
means (Fig. 7c). The depth integrated volume, heat and freshwa-
ter transports are shown in Figs 7d–f. The seasonal cycle of the
volume transport in the upper 700 m in SODA3 is basically in
agreement with the observation, with maximum value of (−13.96
± 2.10) Sv in August and minimum value of (−7.08 ± 1.40) Sv in
December, respectively. The seasonal cycle of the heat transport
in the upper 700 m is coincide with that of volume transport, ap-

proximately of (−0.95 ± 0.12) PW and (−0.45 ± 0.09) PW in August
and December, respectively. In comparison, the freshwater
transport reaches its maximum value of (−86.79 ± 21.62) mSv in
March, and minimum value of (−25.46 ± 20.71) mSv in Decem-
ber. The seasonal cycle in freshwater transport is not in phase
with the volume, which can be attribute to there are rainy season
in boreal winter when there is smaller southward transport,
whereas dry season in boreal summer when there is larger south-
ward transport, in the Makassar Strait.

Figure 8 shows the vertical distribution of the interannual an-
omalies of volume, heat and freshwater transports in the SODA3
datasets. The interannual variability in volume transport gener-
ally shows enhanced southward transport (negative anomalies)
occurred during the La Niña phases, i.e., 1984–1985, 1988–1989,
1999–2000, 2007–2008, and 2012–2013, and weaken southward
transport (positive anomalies) occurred during the El Niño
phases, i.e., 1986–1987, 1991–1992, 1994–1995, 1997–1998,
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Fig. 8.   Interannual anomalies of the volume (a), heat (b), and freshwater (c) transport per unit depth through the Makassar Strait in
SODA3 datasets. Shadings and contours indicate the ensemble means and cross-ensemble member standard deviations of the SODA3
datasets. Unit: 1 Sv = 10 6m3/s, 1 PW = 1015 W, 1 mSv = 10−3 Sv.
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2002–2003, and 2014–2015, respectively (Fig. 8a). The interannu-
al variability in heat transport is basically coincide with that of
volume transport in the Makassar Strait (Fig. 8b). The interannu-
al variability in freshwater transport is not coincide with that in
volume transport, and shows no preference with ENSO phases
(Fig. 8c). This is somehow contradictory with the fact that there is
more rainfall input to the Makassar Strait during La Niña years
(Nur’utami and Hidayat, 2016; Hu and Sprintall, 2016), and thus
favors enhanced southward freshwater transport as a result of the
combination of fresher upper layer water and intensified
throughflow in the Makassar Strait. This contradictory is prob-
ably due to artificially salinity simulation in the SODA3 dataset,
especially for the non-assimilated SODA3.3.0.
 

5  Relationships with the IOD and ENSO
Figures 9–11 show the interannual anomalies of the depth inte-

grated volume, heat and freshwater transports in the upper 700 m
of the Makassar Strait and their lag correlations with the Niño3.4
and DMI indices in the SODA3 dataset. The simulated volume
transport anomalies are in good consistent with the observation
during 2004–2014 (Fig. 9a). The SODA3 identified ENSO and IOD
events are basically corroborated with the observations (Figs 9a
and c). The lag correlation between the volume transport anom-
alies and the Niño3.4 indices show significant positive correla-
tion at time lags of −6 to 7 months, with peak value of 0.50 ± 0.07
at zero-time lag (Fig. 9b). There is no significant correlation
between the Makassar volume transport anomalies and the DMI
indices (Fig. 9c). The interannual variability in Makassar heat
transport is in phase with that of volume transport, showing neg-
ative anomalies (enhanced heat transport) during the periods of

1982–1985, 1988–1989, 1999–2001, 2006–2010, and 2012–2013,
and positive anomalies (weakened heat transport) during the
periods of 1986–1987, 1990–1999, 2003–2005, 2011, and
2014–2015, respectively (Fig. 10a). The lag correlations of the heat
transport anomalies with Niño3.4 and DMI indices show similar
relationships with the volume transport (Figs 10b and c). The in-
terannual variability in Makassar freshwater transport does not
synchronous with the volume transport, i.e., showing negative
anomalies (enhanced freshwater transport) during the periods of
1981–1982, 1988–1989, 1994–1996, 1999–2000, 2005–2006, 2009,
and 2011–2012, and positive anomalies (weakened freshwater
transport) during the periods of 1983–1984, 1985–1986,
1997–1998, 2001–2003, 2007–2008, 2010–2011, and 2013–2015, re-
spectively (Fig. 11a). The interannual increase/decrease freshwa-
ter transport events occur with no preference of ENSO and IOD
events (Figs 11a and c), which is also revealed by no significant
lag correlations between the freshwater transport anomalies and
the Niño3.4/DMI indices (Figs 11b and c).

V = V+ V′

T = T+ T′

Let the current and temperature in the Makassar Strait de-
composing into seasonal cycles and anomalies , and

, then the heat transport can be written as follows:

FH = Cpρ

∫∫ [(
T− T

)
V+

(
T− T

)
V′ + VT′ + T′V′

]
dxdz, (5)

where the first through third terms of the right-hand side are the

contributions from climatological state, velocity and temperat-

ure anomalies, respectively. The fourth term is higher order re-

sidual. As shown in Fig. 12, the seasonal variability contributes

the largest variance, with mean value of (−0.71 ± 0.15) PW and
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Fig. 9.   Correlation analysis between the Makassar Strait volume transport and the Indo-Pacific climate modes. a. Interannual anom-
aly of volume transport through the Makassar Strait (magenta), the Dipole Mode Index (DMI) (cyan) and Niño3.4 index (blue). b and
c. lag correlations of the Makassar Strait volume transport anomaly with Niño3.4 and DMI, with error bars indicate the cross-en-
semble member standard deviations of the SODA3 datasets. The horizontal lines in b and c indicate the 95% significance level. Unit:
1 Sv = 106 m3/s.
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Fig. 10.   Correlation analysis between the Makassar Strait heat transport and the Indo-Pacific climate modes. a. Interannual anomaly
of heat transport through the Makassar Strait (magenta), the Dipole Mode Index (DMI) (cyan) and Niño3.4 index (blue). b and c. lag
correlations of the Makassar Strait heat transport anomaly with Niño3.4 and DMI, with error bars indicate the cross-ensemble mem-
ber  standard  deviations  of  the  SODA3  datasets.  The  horizontal  lines  in  b  and  c  indicate  the  95%  significance  level.  Unit:
1 PW = 1015 W.
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Fig. 11.   Correlation analysis between the Makassar Strait freshwater transport and the Indo-Pacific climate modes. a. Interannual an-
omaly of freshwater transport through the Makassar Strait (magenta), the Dipole Mode Index (DMI) (cyan) and Niño3.4 index (blue).
b and c. Lag correlations of the Makassar Strait freshwater transport anomaly with Niño3.4 and DMI, with error bars indicate the cross-
ensemble member standard deviations of the SODA3 datasets. The horizontal lines in b and c indicate the 95% significance level. Unit:
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seasonal amplitude from (−0.44 ± 0.09) PW to (−0.94 ± 0.19) PW

(Fig. 12a). The interannual variability in heat transport is associ-

ated with both the velocity and temperature anomalies, with cor-

relation coefficients of 0.63 and 0.54, above the 95% confidence

level, and accounting for approximately 87% and 8% of the inter-

annual variation in the heat transport, respectively (Figs 12b and c).

The temperature anomaly also explains a descending trend of

approximately 0.7 TW/a, suggesting enhanced southward heat

transport by ~25 TW over the period of 1980–2015 (Fig. 12c). The

residual term shows a mean value of (−0.52 ± 2.24) TW and a

maximum amplitude of (6.59 ± 1.24) TW (Fig. 12d).
Similarly, the freshwater transport in the Makassar Strait can

be written as

FW =

∫∫ [
(S − S)V

S
+

(S − S)V′

S
− S′V

S
− S′V′

S

]
dxdz, (6)

where the first to third terms of the right-hand side represent the
contributions from climatological state, velocity and salinity an-
omalies, respectively. As shown in Fig. 13, the seasonal variabil-
ity contributes the largest variance, with mean value of (−58.64 ±
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29.45) mSv and seasonal amplitude from (−23.53 ± 21.25) mSv to
(−91.15 ± 35.75) mSv (Fig. 13a). The interannual variability in
freshwater transport is associated with both the velocity and sa-
linity anomalies, with correlation coefficients of 0.43 and 0.67,
above the 95% confidence level, and accounting for approxim-
ately 41% and 56% of the interannual variation in the freshwater
transport, respectively (Figs 12b and c). There are also weak as-
cending trends contributed by the velocity and salinity anom-
alies, approximately 0.22 mSv/a and 0.28 mSv/a, suggesting a
t o t a l  o f  w e a k e n e d  s o u t h w a r d  f r e s h w a t e r  t r a n s p o r t  b y
17.7 mSv over the period of 1980–2015 (Fig. 12c). The residual

term shows a mean value of (3.33 ± 5.27) mSv and a maximum
amplitude of (7.65 ± 7.35) mSv (Fig. 12d).

6  Intercomparison with other ocean reanalysis datasets
Figure 14 shows the intercomparison of the ITF transports in

the Makassar Strait among the SODA3.3.0 (without data assimila-
tion), ensemble mean of the SODA3 (excluding the SODA3.3.0),
SODA2.0.2, SODA2.2.4, ORA-S3, ORAS4, and HYCOM. The
SODA3 ensemble mean (excluding SODA3.3.0), ORAS4 and HY-
COM have produced annual mean volume transport of approx-
imately (−11.29 ± 3.01) Sv, (−11.9 ± 3.08) Sv, and (−11.47 ± 4.64)
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Sv, which are the closest to the observation. The ORA-S3 has produ-
ced the smallest annual mean volume transport ((−3.36 ± 1.02) Sv).
The heat transport simulated by the SODA3.3.0 is the closest to
observation, with value of (−0.53 ± 0.18) PW. The minimum and
maximum simulated heat transports are (−0.28 ± 0.09) PW and
(−0.92 ± 0.24) PW, given by ORA-S3 and ORAS4, respectively.
There is no observed freshwater transport available, and the HY-
COM gives the greatest annual mean freshwater transport
((−86.09 ± 93.66) mSv). In addition, the HYCOM also shows
greatest standard deviations of 4.64 Sv, 0.33 PW, and 93.66 mSv
for the volume, heat, and freshwater transports.

The analyzed ocean reanalysis products have basically repro-
duced the annual cycle of the volume transport, showing en-
hanced/weakened ITF during the southeast/northwest monsoon
periods. However, only the high resolution HYCOM product has
clearly simulated the semi-annual variability of the ITF volume
transport in the Makassar Strait, as revealed by the double peaks
of −12.46 Sv in March and −14.06 Sv in September, respectively
(Fig. 15a). The annual cycle of the heat transports are generally
follow that of volume transport in the ocean reanalysis products,
which are not in agreement with that in observation (Fig. 15b).
The simulated ITF freshwater transports in the Makassar Strait
are disperse or even out of phase with each other, and cannot be
validated because of no observation of salinity time series is
available in the Makassar Strait (Fig. 15c). The interannual vari-

ability of the ITF transport in different ocean reanalysis products
generally do not match with each other, and we do not show
them here because of the analyzed ocean reanalysis products
here only overlap a short period.

7  Discussion and conclusions
In this study, we investigate the simulated ITF in Makassar

Strait in the SODA3 products by comparing with the direct meas-
urement obtained from the INSTANT and MITF moorings. A
total of nine ensemble members of the SODA3 datasets, which
are forced by different surface fluxes and bulk formulas, are used
for analysis. The vertical structure of subsurface velocity maxim-
um is well reproduced by the SODA3 datasets, with ensemble
mean value of (0.75 ± 0.17) m/s at 120 m depth, greater than that
in observation (~0.63 m/s). The surface forcing and bulk formula
influence the annual mean volume transport in the upper 728 m
in the Makassar Strait. The combination of MERRA2 and Large-
Yeager result in smaller volume transport, which are (−7.24 ±
1.06) Sv in SODA3.3.0 (without data assimilation) and (−9.23 ±
1.29) Sv in SODA3.3.1 (with data assimilation). The combination
of MERRA2 and COARE4 (SODA3.3.2), ERA-Interim with Large-
Yeager (SODA3.4.1) or COARE4 (SODA3.4.2), COREv2 and Large-
Yeager (SODA3.6.1), JRA-55 (SODA3.7.2) or DFS5.2 (SODA3.11.2)
or JRA-55DO (SODA3.12.2) with COARE4, roughly produce com-
parable annual mean volume transport, with values from (−11.05
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± 1.46) Sv (SODA3.4.1) to (−11.93 ± 1.03) Sv (SODA3.6.1). The
SODA3.3.0 (−0.53 ± 0.07) PW also produces the smallest heat
transport. However, the relatively ranks of heat and freshwater
transports are not always consistent with that of volume trans-
port. For example, the SODA3.12.2 (−0.79 ± 0.09) PW, instead of
SODA3.6.1 (−0.78 ± 0.07) PW, produces the largest heat transport;
the SODA3.7.2 (−74.27 ± 21.65) mSv, instead of SODA3.6.1 (−70.53 ±
20.01) mSv, produces the largest heat transport. The SODA3.3.0
produces positive annual mean freshwater transport (6.24 ±
18.45) mSv, suggesting artificially higher salinity in the Makassar
Strait without data assimilation.

The ITF vertical structure and its variations in the Makassar
Strait could be decomposed into three modes: the intraseasonal
and semi-annual modes that associated with Indian Ocean
Kelvin waves (Mode 1), the interannual mode that associated
with the ENSO modulation of Rossby waves from the Pacific
(Mode 2), and the seasonal mode that associated with local mon-
soon wind driven (Mode 3) (Susanto et al., 2012). The monthly
SODA3 datasets used in this study are not able to capture the in-
traseasonal mode. In terms of the semi-annual variability, they
are not appropriately reproduced by all of the SODA3 ensemble

members. Nevertheless, the SODA3 products have well simu-
lated the seasonal cycle of the Makassar Strait volume transport,
i.e., intensified during boreal summer and maximum in August
with value of (−13.96 ± 2.10) Sv, and weakened during boreal
winter and minimum in December with value of (−7.08 ± 1.40)
Sv. The seasonal viability of the heat transport is in phase with
that of volume transport, approximately of (−0.95 ± 0.12) and (−0.45 ±
0.09) PW in August and December, respectively. In comparison,
the freshwater transport is not in phase with that of volume trans-
port, which reaches its maximum value of (−86.79 ± 21.62) mSv in
March, and minimum value of (−25.46 ± 20.71) mSv in Decem-
ber. This seasonal cycle in freshwater transport is basically reas-
onable, as evidenced by the fact that the salinity is at its lowest
values in January-February-March due to heavy monsoon rain-
fall and advection from the South China Sea, whereas highest val-
ues in July-August-September (Fang et al., 2010; Gordon et al.,
2012; Susanto et al., 2012; Wang et al., 2019; Xu et al., 2021).

Previous investigations suggest that ITF is influenced by both
the ENSO and IOD anomalies (Yuan et al., 2013; Sprintall and
Révelard, 2014; Liu et al., 2015). The ITF volume transport cross
the IX1 section lags the Niño3.4 by around 7–9 months, which
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tend to decrease/increase following the El Niño/La Niña events;
and lags the DMI by around 1–3 months, which tend to decrease/
increase following the negative/positive IOD events (Yuan et al.,
2013; Liu et al., 2015). The water pathway from Makassar Strait to
the IX1 section is not straightforward (Feng et al., 2018), and is
suggested to reside in the Banda Sea for around 1 year before ex-
port to the Timor Sea (Gordon et al., 2010), and takes 2–3 years to
reach the IX1 region (Song et al., 2004). The ITF in the outflow
strait is slaved by the IOD anomaly rather than ENSO (Sprintall
and Révelard, 2014). Susanto et al. (2012) and Gordon et al.
(2019) reveal that both the ENSO and IOD could impact on the
Makassar Strait throughflow, in terms of both the volume trans-
port, and vertical velocity structure. The SODA3 simulated upper
700 m volume transport anomalies well fit with observation dur-
ing periods of 2004–2017. Over the simulation period (1980–
2015), the volume transport anomalies are significantly correl-
ated with the Niño3.4 indices at time lags of −6 to 7 months, with
maximum correlation coefficient of 0.50 ± 0.07 at zero-time lag.
However, there are weak and insignificant correlations (smaller
than 0.15 at time lag within one year) between the volume trans-
port anomalies and the DMI indices. The heat transport in
Makassar Strait displays similar seasonal and interannual variab-
ility with the volume transport, in agreement with that estimated
from observation (Gruenburg and Gordon, 2018). The freshwa-
ter transport anomalies are not statistically significantly correl-
ated with the Niño3.4/DMI indices. There is limited observation
of salinity time series in the Makassar Strait to validate the fresh-
water transport variability at interannual timescale. Existed in-
vestigations give possible explanations of the interannual variab-
ility of salinity in the Makassar Strait. Their results suggest that
the ENSO impact on the surface low salinity and subsurface high
salinity waters in the Makassar Strait are not directly. Rather, the
interannual signals in the surface are carried by the South China
Sea throughflow (Gordon et al., 2012; Wei et al., 2016; Li et al.,
2019), whereas in the subsurface is from the equatorial North Pa-
cific with a time lag of around 2 years (Gordon et al., 2012; Nie et
al., 2019). The low salinity waters carried by the South China Sea
throughflow, together with the local rainfall and runoff, essen-
tially modulate the Makassar Strait throughflow, i.e., the total
volume transport and subsurface velocity maximum, at the sea-
sonal to decadal time scales (Fang et al., 2010; Gordon et al.,
2012; Hu and Sprintall, 2016, 2017; Lee et al., 2019; Li et al., 2019;
Jiang et al., 2019; Wei et al., 2019; Wang et al., 2019; Xu et al.,
2021). In addition to the regional surface forcing, the remote At-
lantic Meridional Overturning Circulation (AMOC) also affect the
ITF changes at long time scale. The mechanism is explained as:
slowdown signals of the AMOC propagate through the coastal-
equatorial waveguide to enter the southeastern tropical Indian
Ocean and the western Pacific Ocean, which in turn result in ITF
weaken in deep layers (Peng et al., 2023).

In summary, the simulated ITF in the Makassar Strait show
good consistency for seasonal and interannual variability in
terms of phases among the SODA3 ensemble members, and are
basically in agreement with the observation. The discrepancies
lie in the semi-annual variability and annual mean values. The
semi-annual variability shows different upward propagation of
Kelvin wave phases among the SODA3 ensemble members. The
annual mean volume transport in SODA3.3.0 and SODA3.3.1 are
obviously smaller than others, which may attribute to different
surface forcings and bulk formulas. The annual mean freshwater
transport in SODA3.3.0 (without data assimilation) is positive,
which is opposite to the rest ensemble members (with data as-
similation). There is heavy rainfall in the Indo-Pacific warm pool

where the ITF pass through. Therefore, the salinity simulation
tends to more sensitive and important in the ITF regions. Con-
sequently, the ITF transport, particularly for the freshwater trans-
port shows dramatically differences between the non-data assim-
ilated SODA3.3.0 and those with data assimilation. The unreas-
onable freshwater transport in SODA3.3.0 suggest that the data
assimilation is necessary and effective in the SODA3 coordinate.
The relationships of the Makassar Strait transports with ENSO
and IOD are analyzed, showing significant correlation with
ENSO but no significant correlation with IOD. For the interannu-
al heat and freshwater transports, they are contributed by both
the velocity and temperature or salinity anomalies. The velocity
and temperature anomalies contribute 87% and 8% of the inter-
annual variation of the heat transport. For the freshwater trans-
port, the contributions of velocity and salinity anomalies are 41%
and 56%, respectively. In addition, we give a short intercomparis-
on of SODA3 with other ocean reanalysis products. The results
show improved simulation of the ITF transports by the high res-
olution HYCOM, particularly in terms of the semi-annual variability.
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